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PREFACE 


During the past twenty-five years tho applications of Physics to Industry have 
grown enormously. The National Physical Laboratory was opened in 1900, while 
Universities and Technical Colleges have multiplied, and recent years have seen 
the growth of the Department of Scientific and Industrial Kesearch, with its 
Research Associations in many fields, its studentships, and its skilled Research 
workers. 

Meanwhile, the results of the labours of the past are, for the most part, 
scattered in the Proceedings of learned Societies or stored in the brains of the 
active workers to whose efforts they are due. 

To find out what are the latest methods of Calorimetry, what exactly is 
known about the laws of Friction, how far has the theory of the Steam Engine 
advanced, what are the principles on which methods of accurate gauging or of 
the determination of the many factors which come into the lay-out of a big 
electrical plant, the design of a Dynamo, or the methods of Pyrometry are based, 
means a long search in Libraries and, not infrequently, a futile journey to some 
place where it is hoped the wished-for information may be found. 

The Science of Aeronautics, the Design of Optical Instruments, the Methods 
of Metallurgy, the Construction of Clocks, Telescopes or Microscopes, the Laws 
of Music and Acoustics are all based on Physics. 

The manufacturer who is concerned with these and, indeed, with countless 
other subjects must know, not perhaps all that has been done — that would be 
too heavy a task hut where ho may find the latest and most accurate informa- 
tion on the subject with which he is mainly concerned. This it has been the 
object of tho XKcfimartj of Applied Phgsics to give. Applied Physics is a wide 
subject and the task has been a heavy one. * 

The Dictionary will appear in five volumes of 800-1000 pages each, and, as 
will be seen from the names of some of the principal contributors, the Editor has 
boon fortunate in securing the help of those most competent to write on each 
subject. His thanks are duo, in the first place, to these colleagues, without whose 
cordial help tho Dictionary could not have been produced. He is also indebted 
to a number of Scientific Societies whose Councils have allowed use of illustra- 
tions from their Proceedings to be freely made. Among these should be men- 
tioned in particular tho Royal Society, the Institution of Mechanical Engineers, 
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and the Institution of Electrical Engineers. The same help has "been readily 
afforded by a number of Publishers. i 

It is clear that, with so large a rango of subjects, any individual worker will, 
probably, be concerned mainly with one branch, and, with this in view, the 
volumes have been arranged, as far as possible, in subjects. To obtain informa- 
tion as to the latest advances of Applied Electricity it will not be necessary to 
purchase the sections of the Dictionary dealing with Aeronautics or Meteorology. 
The arrangement in each volume is alphabetical, but, at the same time, it has 
been thought best to deal with each main subject — for example, the Thermo- 
dynamics of the Steam Engine — in a continuous article ; references are given, 
each in its own alphabetical position, to the headings of the various sections of 
an article and to the more important subjects wdiich it includes. 


R. T. G. 
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CORRIGENDA, VOL. I 


Page ix, List of Contributors, insert Whetiiam, W. 0. D., M.A., F.R.S. — Phase Rule. 
„ 89, col. 2, last formula, for 0 tead O. 

„ 91, col. 2, Tabic, for independent read inductive. 

„ 255, col. 1, line 29, for AB x BC = AO 2 read AB x AC = AO 2 . 

,, 255, col. 1, line 39, omit M from the product. 

„ 255, col. 1, line 44, for equation (1) lead equation (2). 

„ 255, col. 1, line 45, intetchange <p and 0. 

„ 256, col. 1, N.B . — R is used to donoto both the radius of the rod and tho force. 

„ 265, col. 1, line 7, for Ingles read Inglis ; also m Index, p. 1060, col. 2. 

„ 395, col. 1, last line, for to read towards. 

„ 503, col. 2, formulae at top of column, for W ((A/a) - 1J read W [(A/a) 2 - 1}. 

„ 541, col. 2, lino 32, for Pomts read Parts. 

„ 546, col. 1, lines 30 and 34, for tangential lead transverse. 

„ 546, col. 2, line 30, for on 1) read on DP. 

„ 546, col. 2, lmo 32, for r A x read Z' to tally with figure. 

„ 547, col. 1, line 33, for I be read T b0 . 

„ 547, col. 1, line 37, after movmg insert relatively to A. 

„ 549, col. 1, lino 40, after so insert that. 

„ 591, col. 2, lino U, after exceed insert by more than. 

„ 735, col. 1, lino 43, for force read speed. 

„ 735, col. 1, line 50, for plain read plane, 

„ 935, col. 1, formula 11, read j 

„ 1066, col. 1, lino 17 from end, insert Thomson, James, before rope brake. 
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ABSOLUTE SCALE OF TEMPERATURE — AIK METERS 

A 


Absolute Scale of Temperature (Kelvin). 
If a perfectly revoisiblo heat •engine takes 
in a quantity ol heat at temperature T x 
and rejects at temperature T 2 , then 
QJT-l = Q a /T a provided the temperatures 
T x and T a are measured on the absolute 
thermodynamic scale. Hence tho ratio 
of two temperatures on that scale is equal 
to tho ratio of tho heat taken m to tho 
heat rejected by any perfectly reversible 
engine working between those temperatures. 
See 44 Thermodynamics,” §§ (17), (22); 
44 Engines, Thermodynamics of Internal 
Combustion,” *§ (7). 

Absolute Zero, Definitions of, on 64 Gas ” 
and 44 Work ” Scales. See 44 Thermo- 
dynamics,” § (4). 

Absorption Dynamometers. See 44 Dynamo- 
meters,” § (2). 

Absorption of Radiation as affecting 
the Readinos of Radiation Pyro- 
meters. See 44 Pyromctry, Total Radia- 
tion,” §(19). 

Abutment Pumps : 

Fixed See 44 Air-pumps,” § (25). 

Movable. See ibid. § (14). 

Acc e l e rat^o n I m A< i es. See ‘ 4 K inc m aties 
ol Machinery,” § (4) (iv.), 

, Aoo emulators, Hydraulic. See “Hydraulics,” 

§.(< r >r>). 

Adiabatic Change. A change in the volume 
and pressure of a body earned out revers- 
ibly in such a way that no heat is allowed 
to pass to or from tho body. Sec also 
44 Thermodynamics,” §§ (15), (38). 

Adiabatic Kquation for a Perfect Gas. 
See 44 Engines, Thermodynamics of Internal 
Combustion,” § (20) ; 44 Thermodynamics,” 

. 8 ( 13 ). 

Adiabatic Expansion of a Fluid. See 
44 Thermodynamics,” § (38). 

Adiabatic and Isothermal Changes. See 
44 Engines, Thermodynamics of Internal 
Combustion,” § (3) ; 44 Thermodynamics,” 

§§ (lb), (16). 


Aerodynamic Pumps. See 44 Air -pumps,” 

8 (2b). 

Aerodynamic Taijiieometer : For measuring 
number of revolutions per unit time by 
means of air prossuro differences. See 
44 Meters,” § (6), Voh II f. 

Aero-engine, The Rolls-Royce 44 Eagle.” 
See 44 Petrol Engine, The Water-cooled,” 

§ (6) (L). 

Aerostatic Pumps, Theory of. See 44 Air 
pumjis,” § (8). 

Air, Constituents of, separated by Frac- 
tional Distillation. Soo 44 Gases, Lique- 
faction of,” § (2). 

Air, Index of Refraction of, used as 
secondary standard of temperature in the 
range above 500° C. See 44 Temperature, 
Realisation of Absolute Scale of,” § (91) (iw u 
Air, Specific Heat of : {)' 

At high temperature. See “Gases, Spociire 
Heat of, at High Temperatures.” 

At 59° 0. and various pressures, tabulated 
values obtained by Holbom and Jacob. 
See 44 Calorimetry, Electrical Methods of,” 

§ (16), Table X. 

Variation with pressure over the range 
*1 to 1200 atmospheres, determined by 
Holbom and Jacob. See ibid § (16). 

Air (free from CO a ), Specific Heats of: 
tabulated values obtained by School and 
House. See “Calorimetry, Fleetrical 
Methods of,” § (15), Table IX. 

Air and other (Uses, Specific Heat of, 
determined at room and low temperatures 
by the continuous How electrical method, 
by School and House. Soo 44 Calorimetry, 
Electrical Methods of,” § (15). 

Air and Steam Meters, Calibration of. 
See 44 Motors for Measurement of Steam,” 
§ (5), Vol. Ul. 

Air-compression Refrigerating Machines. 

See 44 Refrigeration,” § (4). 

Air-lift Pump. Sec 44 Hydraulics,” II. § (46). 
Air Meters. Soo “Coal-gas and Air 
Motors,” Vol. nr. 
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AIR-PUMPS 

Introduction 

§ (1) Compressors, Evacuators, Blowers — 
An air- or gas-pump is a device whereby gas 
is transferred from a Jow - pressure vessel 
(L.P V.) to a high -press ure vessel (H P.V.). 
The term “ vessel ” includes the free atmo- 
sphere, and the teim “gas” includes vapours. 
It is assumed, unless the contrary is stated, 
that the L.P.V. and H P.V. are at the same 
temperature. 

If the L P.V. and H P.V. are separated by a 
gas-tight partition, and if the gas is not a 
satui ated vapour, the pump will dimmish the 
pressure m the L P.V. and increase it in the 
H.P.V. ; it will act at the same time as a 
compressor and as an evacuator. In practice 
one of the two vessels is almost always main- 
tained at atmospheric pressure, and variations 
of pressure in the other vessel alone are im- 
pel tan t. If this condition is fulfilled, a com- 
pressor may bo defined as a pump of which 
the L. P V. is at atmospheric pressure, an 
evacuator as one of which the H.P.V. is at 
atmospheric pressure. 

The LP.V. and H.P.V are seldom com- 
pletely separated, except m laboratory evacu- 
ators ; there is a continual sti earn of gas 
from one to the other. If the energy re- 
quired to produce this stream is comparable 
with the whole work done on the gas, the 
pump may be termed a “ blower,” or, if it is 
of one constructional type, a “ fan.” The 
extinction between pumps and blowers, 
til) ugh formally indefinite, is perfectly clear 
id! practice. Blowers arc usually, but not 
always, compressors, producing pressures 
greater than atmospheric. In blowers there 
can be no single and definite pn or pj„ capable 
of general scientific definition ; but there is 
usually some pair of places along the stream 
of gas passing through the blower at which 
it is obviously convenient to measure pn and 
P l* Those places may he regarded for our 
purpose as constituting the H.P.V and L.P.V. 

§ (2) Notation.— Suffixes L and H denote 
quantities referring to the L.P.V. or H P.V. 
Many of the formulae given will still be true 
if the suffixes L and H are interchanged ; this 
feature is indicated by writing before them 
(“ L or H ”) 

P> Pb> Ph= pressure. 

Pq-= initial pressure (the same for 
L.P.V. and H P.V.). 

Ph°f p 11 ° = final pressures 
K-pn^/px^-nmgo. 

II = atmospheric pressure. 

P = vapour pressure 
V L , V n = volumes of L.P V. and H P.V. 

Uh, 'i(>n = maximum and minimum volumes 
of ** cylinder.” 


T 0 , Ti, Th = absolute temperatuie of atmo- 
sphere, L.P.V. and H P.V. * 
m = mass of gas. 
v~ velocity. 

S= volumetric speed. 

W ==work. 
w — power. 
p - density. 
yj = viscosity, 
e — friction coefficient. 

33=E mW b = mechanical efficiency 
E v „i = volumetric efficiency. 

§ (3) Working Characteristics. — Pumps* 
may be distinguished either according to their 
working characteristics or according to the 
principles on which the action depends. Of 
the working characteristics the following are 
the most important of those applicable to 
pumps of all types 

Range of Pressure . — If any pump be worked 
continuously between closed vessels, there will 
ultimately be established m them constant 
pressures, pn°, Pu 0 . By the range of pressuio 
is meant cither (a) the ratio Ph°!pl°) or (b) the 
difference _ph° ~ i^L 0 * ( a ) is generally the more 

important quantity and will here be termed 
the “ range,” denoted by k ; for it is often 
approximately independent of the absolute 
values pa 0 , pl°. But it is never completely 
independent ; for all pumps have a minimum 
below which they will not reduce pi what- 
ever is the value, above this limit, of p ih 
and all have a maximum pn, though it 
may be determined only by mechanical 
strength. 

The range of a pump of any given typo 
may be increased by working two or more 
similar pumps m series to form a “ composite ” 
pump, the L.P.V. of one being the H P.V. of 
the next. In all important cases, the range 
of the composite pump is approximately or 
exactly the product of the ranges of the 
components. But a composite pump # ean 
also be built up of components # of different 
types ; no geneial statement can be made 
about the relation between the range of 
such a composite pump and those of its com- 
ponents. 

§ (4) Speed of Pumping. — The speed is 
the rate at which gas is transferred from 
the L.P.V. to the H.P.V. The amount of 
gas is usually estimated by its volume at the 
pressure of the L P.V., whether the pump is 
a compressor or an evacuator. The speed 
so estimated is called the “ volumetric 
speed,” S, and is expressed m volume per 
unit time. 

Measurements of S are usually made by 
observations of the change of m a com- 
pressor or of pi m an evacuator, the H.P.V. 
or L.P.V. being completely closed. If dp 
during the measurement is small compared 
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with pH or pi„ the gas may be regarded as 
perfect. Consequently for an evaeuator 


1 dm V T4 dPh Ar d 


dt 


Ph 


dt 


=V, 


• (!) 


In a compressor, is constant and equal to 
II. Tlieiefore 


= v ir ( ’Jhi 
if dt ' 


C) 


In blowers the volume involved m S is 
usually estimated at p n . It is conveniently 
measured by some type of flow-meter placed 
m the outlet or inlet pipe. If the pressure 
at the point where the meter is placed differs 
considerably from pro a correction must bo 
applied to the readings of the motor. 

S is usually a function of pn and pu 
as well as of the nature of the pump ; but 
there are important exceptions. The range 
k or the maximum difference of pressure 
Pr°~Pl 0 is given by a pair (pn°, Pl°) such 
that S = 0. 

§ (5) The Efficiency. — Sovcral hinds of 
efficiencies arc recognised as applicable to 
pumps and bloweis ; of these the mechanical 
efficiency, or the ratio of the useful work 
done to the total work expended, is alone- 
applicable to all types. Both terms of the 
ratio need further definition to rid them of 
ambiguity. The work expended is usually 
taken to moan either (a) the work expended 
on the gas in giving to it energy, com 
pressive, kinetic, or thermal, or ( b ) the work 
supplied to the mechanism of which the 
pump consists, including that lost in friction 
of c .olid or liquid parts. The efficiency 
reckoned with (a) is often termed the 
“ gas ” efficiency ; that reckoned with (b) 
the “ over-all ” efficiency. 

In pumps, where the L.P.V. and JI.P.V.’s 
are separate, the useful work is always taken 
to he that required to transfer the gas that 
has actually passed from the former to the 
latter This*work will ho least if the trans- 
ference is effected reversibly; if the L.P.V. 
and H P.V. are at the same temperature, the 
reversible transference must bo isothermal, 
and any change of temperature during the 
process involves the expenditure of more 
work. If tho transference is reversible and 
isothermal, the work required to transfer a 
mass of gas between the atmosphere at con- 
stant pressure II and a closed vessel, the 
pressure m which is changed by the transference 
from II to p v is given by 



where V =/(#>) is the isothermal characteristic 
of the mass of the gas occupying the closed 
vessel at the pressure p v If the gas is perfect, 


(3) applied to an evaeuator or eompressoi 
becomes 

(I. or H) W= ?)] ,V Ir ^"(It -}>)dQ . (4) 

-/>uV n (lo g ^-l + ”). (5, 

If II - pn - ftp is small, (5) becomes 

(1- or U) . (IS) 

If y>T, is small, as in a high evaeuator, it 
becomes 

W = (ll-pJV L . . . (7) 

In some text-books, tlio work done by the 
atmosphere is left out of account; the term 
m II is omitted from (3), and the second and 
third terms in tho bracket from (5). But 
since work is always done by or on the atmo- 
sphere m compressing or evacuating, the 
efficiencies reckoned without these terms would 
seem to have no practical significance. 

In blowers the useful effect is usually 
estimated by tho volume of gas produced at 
a given pressure. Tho work required to force 
a mass of gas from the atmosphere into a 
vessel in which tho pressure is maintained 
constant and equal to (by increasing the 
volume of tho vessel as tho gas enters) is given 

by 

Wr(p H ~H)V, ... (8) 

where V is the volume of tho gas at pressure 
pH. Consequently, if 8 is the volumetric 
speed, and w the work done per second, 

w ~’(p n - 11)8. . . . (9) 

The stream of gas issuing from a blower 
possesses kinetic, energy. If the work ex- 
pended in giving to it this energy is to be 
included as useful work, there must bo added 
within the bracket in (9) tho term p v ■ J/re®, 
It is often impossible practically to convert 
this kinetic- energy into energy of any other 
form without stopping the flow which is the 
main purpose of the blower ; accordingly tho 
total efficiency, as it is called, reckoned from 
the relation 

+ . • ( 9 «) 

is often misleading. But it may be noted 
that ideally it is always possible to reduce 
Pv to zero without changing 8, and thus to 
“convert velocity into pressure ” ; for if 
the cross section of tho stream is made 
infinitely large, an infinitely small v will give 
a finite 8. 

In addition to tho mechanical efficiency, 
there is recognised for many pumps a quantity 
known as tho volumetric efficiency. But since 
this quantity cannot be defined generally for 
all types of pump, it will bo discussed in 
connection with those to which it applies. 
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§ (6).— The remaining working characteristics 
common to all pumps are less capable of precise 
measurement ; but they are none the less 
important. They include simplicity and con- 
venience, first cost and cost of maintenance, 
adaptation to available sources of power, and 
so on. When several types of pump are per- 
missible, it is usually these characteristics 
rather than any measurable efficiency which 
determine the choice. They will be noticed 
m connection with particular types. 

§ (7) Principles of Action. — For the 
detailed consideration of the various types of 
pump, it is more convenient to adopt a 
classification based upon the principles under- 
lying the action. Here pumps fall into three 
great classes : 

A. Aerostatic. 

B. Aerodynamic. 

C. Molecular or High-vacuum. 

In an aerostatic pump the transference of 
gas is effected by forces that are at any instant 
in statical equilibrium. For any particular 
pump the range of pressure is independent of 
the speed of working within wide limits ; the 
pump can be worked infinitely slowly without 
loss of range or of efficiency. (This statement 
is not strictly true when the viscosity of a 
lubricating liquid is used to secure gas- 
tightness ; such pumps are dynamic, but not 
aerodynamic ) In all practical examples the 
statical forces aic those due to compression, 
but those due to change of temperature might 
conceivably be used. 

In an aerodynamic pump the forces on the 
gas are dynamical, and vary with the motion 
of the parts of the pump , they cease w r hen 
the speed of working becomes infinitely small, 
so that the range and speed of the pump 
vanish together. These dynamical forces 
arise from the inertia or viscosity of the 
gas. 

The distinction between the two classes 
can be expressed less formally, but perhaps 
more clearly, by saying that m the first class, 
but not in the second, the action is “ positive ” 
in the engincenng sense ; or that, wiiile it is 
impossible to blow through a pump of the 
first class, it is possible to blow through one 
of the second. 

In both these classes the forces are such as 
are associated with a continuous medium. 
In the third class the action is due to “ forces ” 
appreciable on the molecular but not on the 
molar scale. The class would properly be 
termed ct molecular” but since that term 
has been appropriated to a particular member 
of it, the less scientific expression “ high- 
vacuum ” pumps will be used. 

In addition to these three classes of pump, 
there are some methods of evacuation which 
scarcely satisfy the definition of pumping, 


but will be conveniently noticed briefly at Jhe 
end of this article. 


A Aerostatic Pumps 
§ (8) Range and Speed — The working part 
is always a vessel (U) of variable volume, u. 
U is 


(1) connected to the L P.V. when its 

volume is a maximum u h ; 

(2) disconnected from the L.P.V. and the 

volume decreased to the minimum ur ; 

(3) connected to the H.P.V. , 

(4) disconnected from the H.P.V. and the 

volume increased to u L . 

This ideal cycle is never attamed m practice 
but forms the basis of any calculations. 
Even if the ideal cycle were attained, the 
general formulae giving the relation between 
jPh> Plj Pq after a number of cycles n would 
be extremely complicated. But if it is as- 
sumed that the gas is perfect, and that the 
transference is isothermal, the relation between 
(Pe ) n and (pn)n+i, the values of pn after 
the nth. and (n 4-l)th cycles, is 


(Lor II) (p H ) 7 - k y H)n V H + W, (XO) 

V H+% 

In a compressor or evacuator we have from 

( 10 ) 

(LorH) 

(11) is true whatever the ratio of u to the 
Vs; if it is small and if IsT, the number of 
cycles per unit of time, is large, (11) becomes 


Pe u 


(LorH) ^ = 


x 

U R 




Jk'i-iY 

+ u n ) 


( 12 ) 

From (12) and (1> we obtam for the volumetric 
speed of an evacuator 


S = 


nv t 


~ v l + %A " p L 
and for that of a compressor 
NV h 


IT \ 
Pl V’ 


s= 


'V H + ^ T 




. (13) 

. (14) 


(L or H) 


II «r, 


The range, measured by the ratio of the 
pressures, is independent of the initial pressure 
and of the volumes of the L.P.V. and H.P V. 

These relations become very simple when 
ur, the volume of the “ dead space,” is zero. 
Then (11)-(14) become 


*5=1 + 
n + 


^ (compressor), . (16) 
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II 
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vacuator). 


S = N*/ rj (compressor), . 
V T . 


S = Nw- 


L V7 


(evacuator). 


(17) 

(18) 
(19) 


Thus the volumetric speed of such a pump 
would be mdc pendent of the pressuie against 
which it worked ; its range would be infinite. 

§ (9) Volumetric Efficiency. — In no 
actual pump is the ideal cycle pei formed ; 
the yield is always less than that given by 
(10)-(14), and a Jottion less than that given 
by (1G)-(19) on the assumption of no, dead 
space. The deficiency is duo to incomplete 
u connection ” and “ disconnection ” of the 
L.P.V. and H.P.V. with IT and with each 
other, i.e. to leakage and to a failure to 
establish pressure equilibrium. 

The comparison of an actual with an ideal 
pump is made m terms of the u volumetric 
efficiency” (E U)1 ), which may be roughly 
defined as the ratio of the number of cycles 
in which an ideal pump would produce a 
given effect to the number of cycles m which 
the actual pump produces the same effect. 
The ideal pump is assumed to have the same 
Hi, (e.g. cylinder volume) as the actual pump ; 
it is also usually assumed to have no dead 
space Hu. This last assumption is not 
necessary, for the effect of the dead space can 
he readily calculated if the pump is otherwise 
ideal ; but m the pumps for vrhich the 
conception of volumetric efficiency is most 
important, Wh is always made as small as 
possible, and its magnitude is important m 
judging the excellence of the design. 

The “ effect ” by which T0 U)1 is estimated 
must be defined. It is usually either (1) the 
attainment of a given pi/ ll or pu/ II, or (2) 
the transference of a given quantity of gas 
with a fixed p h or p^. In either case, H v „i 
is a function of p h or pu, and the value of this 
pressure m|ist be stated. For a given pj, or 
Pih E w> i will not in general bo the same for 
(1) and for (2). 

If (1) is adopted, and if n is the number of 
cycles in which the actual pump establishes the 
assigned pn/ll or pxjll, then from (10) and (17) 

E to i ^ ^ (compressor) . . (20) 

nu h ll ' 1 


(ovacuator). (21) 


_ log(pjll) 

"»log[V>L+V L )]' 

If (2) is adopted, and if N is the number 
of cycles per unit time required for a given 
volumetric speed S, wo have from (18) or (19) 

^ 1 .=^ (compressor), . (22) 

E voi, = ^ ^ ( evacua ^ or )- • (23) 


If the H.P.V. or L. P V. is not at atmos])heiTe 
temperature, (20)-(2,‘J) must be eoi reeled by 
the substitution of Vjj/Tir, Vj/Fl, h i/F<> for 
Vn, Vl, u\ t 

§(10) Other Characteristics. — The ad- 
vantage which aerostatic pumps possess over 
other types lies in the great range which can 
be obtained with them. They are, therefore, 
well suited for the production of very high 
or very low pleasures m a single operation ; 
but extreme pressures can be obtained with 
other types combined into composite pumps. 
They are in geneial less 'well suited for the 
transference of large volumes of gas under 
moderate differences of pressure, although 
some types (Ac, d) are used for this purpose. 

Their disadvantage is that they cannot ex- 
haust vapours satisfactorily, especially when 
designed for a large range, for the vapours 
condense m U when its volume is reduced 
and do not pass readily into the H.P.V. ; 
when the volume is increased again, 1/hey 
evaporate once more, return to the L.P.V., 
and keep p n permanently at or above the 
vapour pressure of the substance. Permanent 
gas mixed with the vapour is removed very 
slowly after its partial pressure in the L.P.V. 
has fallen to that of the vapour. 

The various typos of aeioslatie pump are 
distinguished by the construction of U and 
the moans adopted for connecting and dis- 
connecting it with the L.P V. and H.P.V. 
The following sub- classes include conveniently 
all the important types : 

Aa. Solid Piston Pumps. 

A b. Liquid Piston Pumps. 

Ac. Flexible Container Pumps. 

Ad. Rotary Aerostatic Pumps. 

Aa. Halid Piston Pumps 

§(ll) The Von (Juerjoke Pump.— -This is 
the oldest type of gas-pump, and its invention 
is generally attributed to Otto von (hiorieko 
(1(>72); it was probably developed from the 
similar water-pump. It has still a wider 
sphere of use than any other type, being used 
for the attainment of pressures from 1000 
atmos. to I O' 0 mm., and for volumetric 
speeds from many cubic feet to a few cubic 
millimetres per minute. It is equally familiar 
m heavy engineering, in delicate laboratory 
work, and, as the tyre pump, in everyday 
life. Broadly, the advantages of the type 
are a great range of pressure and great 
mechanical strength ; the disadvantages, cum- 
brousness and mechanical inefficiency. It is 
unrivalled for high-pressure compressors, and 
for small portable laboratory evacuate rs ; for 
all other purposes it can bo replaced by 
other typos. However, it is still widely used 
oven for blowers, the purpose for which its 
disadvantages as compared with other types 
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are most marked. Its survival is probably 
due partly to its long history and to its re- 
semblance to the reciprocating steam-engine, 
of which the constructional problems have 
been studied so completely. 

The principle of the pump is familiar to all. 
The vessel U is a cylinder in which moves a 
piston. Connection is made to the L.P.V. and 
H.P.V. either (a) through ports m the cylinder 
wall opened and covered by the piston, or (6) 
through valves moved ct positively ” by the 
piston or the mechanism that actuates it, 
or (c) through valves opened and closed by 
the excess gas pressure. ( c ) is the oldest 
arrangement and the simplest to construct, 
but it represents a departure from the ideal 
cycle and necessarily reduces the range below 
the ratio ii^/ur , for the connection between 
U and the L.P.V. or H.P.V. ceases before the 
pressures have become equal. It is still 
standard practice in high-pressure compressors, 
m evacuators for moderate vacua (a) is often 
used ; in those intended for the lowest possible 
pressures, one at least of the valves must be of 
type (b). 

§ (12) — Three lands of piston pump may 
be considered rather more fully. The high - 
pressure compressor , shown diagrammatically 
in Fig. 1, is always composite. It would not 
be impossible to obtain a range of pressure 
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of 200 and a final pressure of 200 atmos. by 
a simple pump, but there are several reasons 
why the multi-stage pump is preferable. 
Thus, it is possible to cool the gas between 
the stages by the 44 intercoolers 55 C. By 
spacing the cranks evenly round the crank- 
shaft a more even torque and a balanced 
motion can be obtained. The construction of 
each pump can he adapted to the pressures 
between which it has to work ; the thickness 
of the metal can be increased, as shown in 
the figure, as the pressure increases ; sjiecial 
piston packings and forced lubrication can 
be used in the H. P. cylinders. Some makers 
prefer water to oil as a lubricant at high 
pressures, and at the highest pressures the 
substitution seems necessary because oil would 
burn explosively. 

The volumetric efficiency of such a pump 
should he not less than 80 per cent ; the gas 
efficiency also about 80 per cent ; and the 
over-all efficiency about 60 per cent. The 


work done on the gas may be measured, for 
the determination of the gas efficiency, by 
indicator diagrams taken from the cylinders. 
These efficiencies are determined largely by 
the completeness of the cooling, which is one 
of the most important features of these 
pumps ; they are also determined by leakage 
and by throttling at the valves 

§ ( 13 ) — Fig. 2 shows a large-scale two-stage 
evacuator, such as is used for the condensers 



of steam -engines and for working pneumatic 
tubes. The slide-valves are similar to those 
of a steam-engine, but to secure smooth 
working connection is made between the 
L.P.V. .and the H.P.V. when the piston is m 
the extreme position. The pistons are con- 
nected m tandem. If the pump is to be 
worked by a reciprocatmg steam-engine it 
would be possible to use the same piston- 
rod for the driving piston, and thus to avoid 
rotary motions and bearings and to reduce 
moving parts to a minimum ; but this arrange- 
ment is seldom adopted ; pump and motor 
are usually separate. 

The volumetric efficiency should be about 
85 per cent when piu —% 0 cm. of mercury or 
more , about 80 per cent at p^ = 5 cm. ; for 
lower values of p^, E vol will fall rapidly, 
and pi? will not be less than 1 cm. The 
over-all efficiency should be not less than 50 
per cent at the higher pressures. 

§ (14) — Fig. 3 shows part of * laboratory 
evacuator m very general use. The pump is 
composite with two stages ; the high-pressure 
member presents no special features and is 
not shown ; it is connected to H. In the 
low-pressure member shown, the pisfcon is 
covered with oil which is ejected at the end 
of the stroke through the valve V, carrying 
the air with it. At the same time the crank 
J, worked by the piston guide K, forces oil 
into the space O by means of the oil-pumj) R ; 
from O the oil flows on to the top of the piston 
as it descends. It is claimed that the pump 
will attain I0" 6 mm., if the gas and oil are 
free from vapour. A drying tube with P 2 0- 
is necessary in the connection L to the L.P.V., 
and another, which can be filled with OaCl 2 , 
is desirable in the outlet of the H P. cylinder 
to keep the oil dry. The pump is very 
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efficient and convenient don n to pressures 
of 0 01 mm , but to obtain the highest vacua 
of winch the pump is capable needs great 
care in its treatment. 

A piston pump for extremely low pressures 
has also been developed by Gaede 1 (1) , in 
principle it does not differ greatly from that 



shown In order to free the oil from water, 
and thus to dispense with a drying agent, 
the oil is forced through a special woven 
material which effects a separation of the 
two liquids. Gaede claims that Ins pump 
without any drying agent will attain a pressure 
of 10 " 5 mm. 

A b. Liquid Piston Pumps 

§ (15) Torricelli’s Pump (2), (8).--It is im- 
possible to make a peifeet fit or a gas-tight 
joint between solid bodies movable relatively 
to each other ; and therefore all truly solid 
piston pumps have some leakage and some 
dead space. Leakage can ho wholly prevented 
and dead space very nearly abolished by using 
a liquid m* place of a solid for the moving 
portion of the vessel IT. The ratio (pn°/pi,°) 
can bo increased by the substitution, and 
higher vacua (or higher compressions— though 
this result is not so important practically) 
obtained in a single operation. In fact ' a 
liquid is actually used in this manner in 
pumps which are usually regarded as of the 
solid piston type. In the pump described 
last, the oil covering the ** piston ” and 
passing through the valves is really the piston, 
and the same purpose is served, in part at 
least, by the lubricating liquid of other 
pumps of section A«, However, the typical 
liquid piston pumps were developed historic- 
ally from Torricelli’s, and not Guericke’s, 
method of evacuation ; and the distinction 

1 Figures in brackets refer to references at the end 
of tnc article. 


between solid and liquid pistons, though 
slight irom the standpoint of scientific 
principle, is perfectly clear m all practical 
examples. 

In the Torricellian pump the vessel to ho 
evacuated is completely filled with a liquid 
of density p j the open end is placed beneath 
the free surface* of a liquid, which is usually 
the same as that filling the vessel. Tf, m 
this position, any part of 
the vosscl is at a height 
above the free liquid sur- 
face greater than 7/ 0 , where 
// 0 /)<7 -(II - P), the surface 
of the liquid will sink to 
the height /q„ and tho 
upper part of the vessel 
will contain only the vapour 
of the liquid at tho pressure 
P corresponding to the pre- 
vailing temperature. As a 
liquid for such a pump, 
mercury is especially suit- 
able, both on account of its high density 
and small cc barometric height,” /) 0 , and on 
account of its low vapour pressure. 

This method of evacuation has tho obvious 
disadvantage that the whole L.P.V. has to 
he filled with liquid and inverted. A very 
obvious modification of it was described in 
principle by Swedenborg (1722) and put into 
a practical form by Geissler (1855). Tho action 
is clear from Fig. 4 ; tho 
mercury is alternately raised 
and lowered and tho two- 
way cock alternately con- 
nected to tho air and to 
the vessel to ho evacuated. 

The pump is a true liquid 
piston pump, differing from 
Guericke’s pump only in 
the nature of tho piston 
and the valves. 

§ (1<>) Tina TfljPLHR PlTMF. 

—A greatly improved form 
of the pimp) originally due 
to Topler (4), but realised 
practically by Hagen and 
Nbesen (5), is shown in 
Fig. 5 ; no stop-cocks arc 
required. It was used in 
many classical researches 
oil low vacua at the end 
of the nineteenth century, 
being at that time rivalled only by tho 
Rprengel pump (see below) as a means of 
attaining low pressures. 

By raising tho reservoir A, mercury is 
driven up into tho cylinder B, thereby driving 
out the gas from the cylinder through the 
capillary tube 0, from which it may be 
collected in the mercury trough. Mercury is 
prevented from flowing over into tho vessel «- 
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to be exhausted (V) by the small glass 
valve D. 

On lowering the reservoir, the mercury 
flows back from the cylinder, and when the 
mercury reaches the lower part of the cylinder 
gas will enter from the vessel V through the 
side -tube E, ready for expulsion at the next 
stroke. 

The lowering of the reservoir must be done 
very slowly so long as the pressure m Y is 
more than 2-3 mm., otherwise air entering 
the cylinder through the side-tube E will 
carry mercury violently up the tube F, and 
this may easily shatter the glass-work of the 
cylinder . 

When the vacuum becomes high, the 
taismg of the reservoir must be done very 
slowly, otherwise the “ hammer ” of the 
mercury at the top of its travel m the cylinder 
will break the cylinder head. 

The reservoir A should have about twice 
the capacity of B. The volume of the cylinder 
B is fixed by the work required from the pump, 
but in ordinary laboratory models is from 500 
to 600 c.c. The capillary tube C is about 
800 mm long and 1 mm. bore. The tube F 
should have a bore 12 mm., and the tube E 
about 4 mm. Tins ensures that gas entermg 
from E to F vill tend to travel m bubbles 
upward through the mercury m F, instead of 
carrying the mercury solidly up "with it. 

The P 2 0 5 tube is, of course, mserted to 
absorb water - vapour, winch presents the 
same obstacle to this as to all aerostatic 
pumps. 

The lowest pressure which it is possible 
to obtain with this pump is determined as in 
(15), by the ratio uiJu H . ui is the volume of 
B, while tin is the volume of the smallest 
bubble which the mercury will carry down the 
capillary C Tins volume is approximately 
that enclosed between the convex surfaces 
of two mercury memscuses which just touch ; 
it decreases with the bore of the capillary. 
But there is some gas adhering to the glass 
in addition to actual bubbles left behind by 
the mercury, which makes it useless to decrease 
that bore beyond a certain limit The lowest 
pressure recorded as attained by a Topler 
pump is 0*000025 mm. — m addition, of course, 
to the vapour pressure of the mercury. 

The working of a Topler by hand is extremely 
tedious, for several hours may he required to 
reach the limit of pressure. Numberless de- 
vices for rendering its action automatic have 
been proposed ; electrical contacts worked 
by the mercury, or else the weight of the 
mercury, are used to control the operation. 
But no description of them is necessary 
to-day, for the problem of the automatic 
Topler seems to have been solved finally by 
Gaede (C), who proposed to move the solid 
vessel rather than the liquid piston. 


§(17) Gaede Rotary Mercury Pump — 
The general action of the pump can he seen 
fiom Figs. 6, 7, which are vertical sections 
parallel and at right angles to the front of the 
pumps. The outer casing A contains mcreuiy 
to about two-tlnrds of its height, and is 
connected through the pipe R with a rough 
vacuum pump (eg an ordinary piston pump) 
capable of maintaining a pressure of about 
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10 mm. An ingenious device shown in Fig. 8 
is used for cutting off the rough pump after 
the prelimmary exhaustion. Inside this casing 
rotates a drum B, made of porcelain, to the 
side of which is attached a smaller porcelain 
drum C. The two drums communicate 
through the port D. 

It will be seen from this diagram that if B 
is rotated in the direction of the arrow, the 
portion of B above the mercury will com- 
municate with the pipe V, connected to the 
vessel to he exhausted, so long as the port J) 
is not immersed. As soon as D is immersed, 
the communication with V is closed, and when 
the tail end E of the drum rises above 
the mercury, the 
gas will be passed 
on to the rough 
vacuum. 

In the pump 
as actually manu- 
factured two or 
three drums are 
spaced symmetric- 
ally on the same 
axle ; a second 
drum is indicated 
by the dotted line 
in Fig. 6. The speed of the pump is thereby 
increased, but the construction made much 
more complicated. 

The range of the Gaede pump is probably 
somewhat less than that of the Topler, for the 
conditions for the expulsion of small bubbles 
from U are less favourable. But since ^h° 
is less, owing to the use of the auxiliary pump 
and since its speed is much greater, the least 
pressure practically attainable is at least as 
low ; a pressure of 0*00005 mm. is well within 
its power. The volumetric speed is not con- 
stant, as it would be according to (19) ; it 
is about 110 cm. 3 /sec. at 0*01 mm., and falls 
off continuously at the lowest pressures. 

§ (18) The Sprengel Pump. — A liquid 
piston pump, using mercury but working on 
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a somewhat different principle from those 
just desenbed, was invented by Hprougel m 
1865 (7) It has over the Geissler (and later 
Toplcr) pump the greater advantage that its 
action is more nearly continuous and auto- 
matic. The gas is carried out of the L.P V, 
by the fall of mercury down a capillary tube, 
as in the Topler pump ; hut it is not forced 
into that tube ; it enters the tube under the 
pressure m the L.P.V. and is there trapped 
between successive drops of mercury falling 
into the top of the tube from a reservoir. In 
another and more convenient arrangement ( Fig 
9) the drops are formed in the capillary by 
the entrance of gas from the L.P V. through a 
side tube. But the principle is the same ; 
the liquid column in the capillary will break 
up into drops, trapping the gas between them, 
if the gam in surface tension energy due to 
the formation of a liquid-gas surface is greater 
than the loss in hydrostatic energy due to 
the accompanying displacement of the liquid. 
Tho precise calculation of the conditions for 
drop formation is complicated ; but it is 
clear that the bore of the capillary must 
bo below the limit at which drops could 
bo formed m the tube without completely 
occupying its cross-section. 

Tho volumetric speed of a “ single-fall ” 
Sprengel is extremely small, not more than a 
few cubic millimetres per second. 
It can be increased by connecting 
in parallel several capillary tubes 
all feel from the same reservoir, and 
thus making a “ multi file-fall ” 
pump. The lowest pressure attain- 
able is fixed by the same considera- 
tions as in the Topler pump, hut 
it may bo increased by small 
quantities of air carried into the 
vacuum by the stream of mercury 
from the reservoir exposed to tho 
atmosphere. Many devices have 
been suggested for avoiding this 
defect (See (3).) 

The S pronged pump can be made 
completely automatic, if it is 
arranged that tho mercury which 
has fallen down the capillary is 
restored periodically to the reser- 
voir. Such an automatic form was at one 
time in universal use for tho exhaustion of 
electric lamps (8). It is shown in Fig. 10, 
and the method of operation is obvious from 
that figure. 

The outlet is connected to an auxiliary 
pump maintaining a pressure of a few cm. 
The capillary fall tubes A, into which mercury 
flows from I) through the jets 0, are therefore 
relatively short (about 20 cm.). The bent 
tube B enables the end of the exhaustion 
to be seen by the disappearance of gas-bubbles 
from the mercury. 
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The reservoir F is normally connected to 
II , an occasional admission oi air, in order to 


restore the mercury to J), is controlled by a 
simple tuning device set once and for all 
It can also be controlled by the weight of the 
mercury in the reservoir. 

The common laboratory mercury still is in 
effect a Sprengel pump whereby gases intro- 
duced by the mercury are removed. 

Bor high- vacuum work, mercury pumps of 
these types, with the possible exception of tho 


Guede pump, are 
obsolete, and re- 
placed by those of 
Glass (l They 
may, however, be 
used as auxiliary 
pumps in series 
with those of that 
class when it is 
desired to collect 
gases pumped out 
from a vessel For 
tins pu r pose 
th e Topler 4 
pump is most 
suitable. 

§(19) OlIKMIOAL 




and other Bumfs. Kiu. JO. 


— The foregoing 

pumps are designed to attain low pressures. 
But liquid piston pumps are also of service 
for pumping chemically active gases, which 
would attack any of tho metals or other 
materials suitable for tho construction of 


solid piston pumps. Tims for the compres- 
sion of chlorine, pumps are used of which the 
cylinder and valves are made of lead-covered 
steel, while the piston consists of oil or sul- 
phuric acid. The liquid piston is set in 
motion either by compressed air or by a solid 
piston working in one limb of a U-tube, the 
other limb of which is tho chlorine pump. 

Laboratory pumps essentially similar to the 
Topler, but using oil or glycerine or sulphuric 
acid in place of mercury, have also boon used 
for some purposes. Tho lower densities of 
these liquids enable the pumps to bo made of 
glass with a volume much greater than that 
set by tho mechanical strength of the glass if 
mercury wore used ; or tho gas to bo pumped 
may be one which attacks mercury. 

Again, air compressors for high pressures 
have been constructed in which water is used 


as the piston in order that the cooling of tho 
gas may be more efficient. In some of these 
metal chains hanging into the water from the 
top of tho piston have boon used to facilitate 
the transference of heat between the gas and the 


liquid. 


Ac. Flexible Containers 


§ (20) Bellows.— -I n these pumps tho vessel 
U has flexible walls and its volume is varied by 
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changing its shape. The advantages of the 
type are high mechanical efficiency due to 
the absence of friction, simplicity of construc- 
tion, and consequent cheapness and reliability 
On the other hand, they have a small range 
of pressure, partly because the ratio ^h/^l 
is comparatively great, partly because the 
flexibility of the walls makes it impossible to 
use them at pressures differing greatly from 
atmospheric. They are usually made for hand- 
working or very low power mechanical drives. 

The earliest: examples of the type are the 
lungs of air - breathing animals ; the later 
improvements of the 
original model for this 
purpose are insignificant 
The type is almost 
equally familiar in bel- 
lows of all kinds, for 
blowing up a fire, for 
vacuum cleaning, for 
piano-players and squeak- 
ing toys ; in the fountain- 
lien filler, now partially 
replaced by a piston 
pump , m the bulb for 
scent and other sprays. 
But it is also used for less commonplace 
purposes. 

The action of the blacksmith’s bellows is 
shown diagrammatically m Fig. 11 The 
end plates A and C are fixed, while B is given 
a reciprocating motion. Some bellows of this 
kind for smiths’ hearths are several feet m 
diameter, with the flexible sides of leather. 
The air is usually pumped into a reservoir 
bellows in which a {measure of about 6 m. of 
water is maintained by a weight. 

Fig. 11 also represents, on a different scale, 
a useful laboratory pump. The bellows are 
hero made from the inner tube of a motor tyro, 
the corrugations being obtained by large metal 
rings inside the tube and small rings outside 
placed alternately. The cylindrical discs A, B, 
C are of aluminium, and B is driven by a crank 
from a small motor. 

§ (21).— The most elaborate pump of this 
class is the organ bellows, shown on Fig. 12 , 
the bellows com- 
pressor, called 
tlie “ feeder ” 
bellows, is at 
F. The upper 
board A of the 
feeder is fixed 
and the lower 
board Bis hinged 
to A by a leather 
joint. The 
wedge-shaped 
volume between A and B is enclosed by the 
wooden ribs R ; the ribs are hinged to each 
other and to A and B with leather and cloth 
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The hoard B falls by its own weight and the 
air enters through the flat valve Y r Air is 
compressed m the feeder by a hand lever, 
and the air is driven through the valves V 2 
into the reservoir bellows J), from which the 
air passes to the organ. The pressure on 1) 
depends on the weight W on the top board. 
To ensure a uniform pressure m 1) whether it 
is expanded or contracted a double set of ribs 
is used, the upper set R 3 folding outwards 
and lower set It 2 folding inwards ; the frame 
fc£ between the two sets of ribs is connected 
by a mechanism shown so that both halves 
of the reservoir bellows expand equally. 

§ (22). — At the opposite extreme of tlie typo 
is the squeezed rubber tube pump {Fig, 13) (10). 

This pump consists of a rubber tube A 1 A 2 
{Fig 5) wrapped inside a hollow cylinder B and 
squeezed by two or 
more rollers C x and 
C 2 so that the way 
through the tube is 
stopped at the 
squeezed portion. 

The rollers C x and 
C 2 roll round the 
inside of the cylinder 
driven by the shaft 
D, and gas (or liquid) 
is transferred from 
A x to A 2 as the shaft 
revolves. 

The squeezed por- 
tions act as pistons, 
and these “ pistons ” 
are formed at A x 
and travel along the tube to A 2 where they 
disappear. 

The action of the pump is somewhat similar 
to the rotary pump of Fig. 16, with the 
important difference that the £c piston ” of 
the rotary pump requires to be carried across 
from A 2 to A x and is thus liable to cause 
leakage of air or liquid. The tube pump has 
no dead-space and is only limited range by 
the strength and tightness of the rubber tube 
to resist the pressure difference ; hut its speed 
is small and mechanically it is inefficient. 
The tube pump is particularly suitable for 
transferring gases or liquids without con- 
tamination, as the plain tube can he easily 
cleaned and no other portion of the pump 
can come into contact with the fluid being 
pumped. 

An even simpler pump of the same type 
can clearly be made out of a plain piece of 
rubber tubing pressed with the fingers. 

Ad. Rotary Pumps 

§ (23) Blowers — In this class the variation 
of the volume of U is effected by the rotary 
motion of solid bodies constituting part of its 
walls. The pumps are usually driven by 
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power, and are intended for continuous action ; 
• .they compete therefore with solid piston pumps 
rather than with other types of Class A. Over 
solid piston pumps they have the advantages 
m mechanical efficiency ; in mechanical 
simplicity and consequently m cost, both 
initially and for upkeep ; m compactness ; 
m steadiness of air current when used as 
blowers. They have disadvantage m a smaller 
range of pressure, m greater leakage, and 
usually in noisiness But pumps of this 
type compete also with those of Class B 
(especially Br/). For blowers typo B <j 
generally has the advantage m mechanical 
efficiency and simplicity. For compressors 
there is little to choose between Bgr and 
Ad, for though the latter has the greater 
range botli types would be replaced by Aa 
if a greater range were required. For ovacu- 
ators B <7 is useless, while Ad provides the 
standard machines of modem practice for all 
pressures between 10 mm. and *01 mm. 

The chief examples of the class can be 
divided mto two groups, one (1) developed 
from the Root Blower, the 

® other (2) from the Beale 
Blower The development 
, has been so gradual that it 
D is difficult to associate any 
of the pumps, or even the 
two archetypes, with the 
Fig 14 name of any inventor. The 
groups are usually distin- 
guished by the nature of the “ abutment,” that 
is the line or surface dividing the H.P. V. 
from the L.P.V ; gioup (1) is then charac- 
terised by a movable abutment, (2) by a 
fixed abutmont ; for though in (2) the bodies 
forming the abutment move, the line or sur- 
face which is the abutment is at rest relatively 
to the housing 

§ (24) Movable Abutment.— T hese pumps 
are chiefly used for moving largo quantities 
of gas against a small pressure difference 
(say up to £-10 feet water pressure). 

An early example of this typo was exhibited 
at the Paris Exhibition by Blihu Root in 
1867 (Fig. 14). It consists of two two-toothed 
wheels, A, B, which are made to revolve at 
the same rate in opposite directions by moans 
of gears outside the box or pump body ; the 
space included between the wheels and the 
housing is U, and its volume varies with the 
position of the wheels. If they rotate as 
shown m the figure air would bo sucked in at 
C and delivered through I). 

To prevent leakage the wings are machined 
as accurately as possible, and are often 
covered with wood or other packing material. 
The volumetric efficiency against small press- 
ures (say 10 inches of water) may bo as 
high as 90 per cent, while at higher press- 
ures (6 feet of water) it will drop to 80 per 


cent. The over-all mechanical efficiency is 
about 75 per cent. 

Fig 15 shows another type where the 
impeller vanes V are fastened at one end to a 
disc which causes them to rotate around the 
fixed core The vanes after the delivery 
stroke come mto the openings in the rotating 
body A (called the idler), which is caused to 
rotate at the same speed as the vanes by gears 
on the outside. On rotat- 
ing further the vanes come 
mto the suction chamber, 
whence they staid again on 
the compression stroke. 

The pump is more com- 
plicated than the Root, 
but several advantages are 
claimed. Thus surfaces 
can bo used to separate the 
two chambers where lines only arc possible 
in the Root blower ; air is compressed by 
one rotating part only ; there is no contact 
between parts moving with different velocity, 
and thus there is less friction ; the mechanical 
construction is simple and cheap ; the pulsa- 
tions of gas are reduced. 

In another type the rotating parts are 
spiral vanes, which give a more even delivery 
of gas and make less noise ; the mechanism 
is not easily shown in a diagram. Many 
other devices have been adopted, some vary- 
ing widely in detail from those mentioned, 
but all Based on the same principle; descrip- 
tions of them are to be found in makers’ 
catalogues. 



§ (25) Fixed Abutment.™ These pumps, of 
which the Beale blower is an early example, 
are used extensively as compressors, as blowers, 
and as evacuators. They arc used in gas- 
works for 0 

pumping the J E " 1 ^ 

gas to the p r_ _ /F s j Q* 

holders, and f f b \\ 1 

m the factory or I ( jtT; j I 

laboratory for at- I \ ■ qL i J I 

taining pressures V XJ J 

down to -001 mm. ® 

The general prin- 

ciplo employed is p J( , | (J 

shown m Fig. 16. 

The cylinder I) rotates about an axis < ), so that 
it’touchos the containing cylinder C at the fixed 
abutmont B. A slot in D carries the plates 
or “ scrapers,” the outer ends of which are held 
against tho containing cylinder Cl The plates 
divide the space between 0 and I) into two 
parts ; as ,J) rotates tho volumes of these two 
parts vary in a manner readily seen from tho 
figure, in which P is the suction and Q tho 
compression inlet. 

The friction of tho scrapers on the cylinder 
involves considerable loss and wear, anti many 
alternative arrangements havo been devised 
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to avoid it. In one, contact between the 
scrapers and the cylinder is preserved by a 
circular guide with its centre coincident with 
that of 0 In another there is a single solid 
scraper winch slides freely in the slot in D , 
the section of the cylinder D is not circular, 
but such that the two ends of the scraper 
are m contact with the walls whatever the 
position of D. In another the scrapers are 
pushed out by springs, but they bear on an 
idly rotating cylinder O' fitting closely within 
C and pierced with holes ; the clearance 
between C and C' is made so small that the 
leakage between the two is inappreciable ; 
the friction is thus reduced to that of C' on 
its bearings. In any 
pump of this type, the 
number of scrapers may 
be increased. Fig. 17 
shows a type with three 
or more scrapers, hinged 
at the central axis M of 
^ the box B, and # sliding 
in cylindrical stuffing 
boxes C fastened to the 
rotating drum I) ; this drum touches the 
casing m the fixed abutment E. 

In pumps of this type designed as evacuators 
oil is always introduced into the cylinder to 
prevent leakage and to fill up the dead space. 
The scrapers are usually arranged as m Fig. 16. 
In order to prevent hammering by the oil 
when the vacuum is high, a valve is fitted 
winch limits the quantity of oil flowing from 
the compression side ; it also helps to separate 
the air from the oil. Such evacuators are 
often run in tandem, or one of them is used in 
series with an auxiliary pump of some other 
kind. If fn is 4 to 10 mm., pL may be reduced 
to *0001 mm. 

Scraper vacuum pumps are largely used 
as auxiliaries to high-vacuum pumps (C) ; 
they are also the chief type employed m the 
preliminary evacuation of electric incandescent 
lamps, which are subsequently “ eleaned-up ” 
by the discharge (D). 

B Aerodynamic Bumps 

§ (26). — In aerodynamical pumps, the press- 
ures are functions of S and of the velocity 
of the gas m different parts of the apparatus. 
The fundamental connection between the 
pressure and velocity of any fluid is given by 
the familiar liydrodynamical equation 

8(p + kpv 2 ) = 0, . . . (24) 

or Pi-Pi-lpW-Vi-)- ■ . (25) 

It is deduced on the assumptions (1) that the 
energy required to change the pressure of a 
volume V of the gas from p ± to is (p 1 -p 2 )V, 
(2) that the energy of any such change' of 
pressure which occurs is equal to the change 
in the kinetic energy of the gas (1) implies 
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that the fluid is incompressible, 1 or that the 
change m pressure is infinitely small ; (2) that 
there is no loss or gam of energy to or from 
other sources, e.g. friction of the moving gas. 
By “ the pressure ” must be understood the 
force per unit area on a surface at rest relative 
to the gas ; m a frictionless fluid it is equal 
at any j:)Oint to the “ static ” pressure on a 
surface parallel to the flow at that point, but 
moving relatively to the gas ; the “ dynamic ” 
pressure, or that on a surface perpendicular 
to the flow and at rest relative to the pump, is 
p + lpv 2 , and, when (24) is true, is constant 
along the w T hole stream. 


Be. hijectors and Ejectors — Gaseous Stream 
(General Reference (11)) 

§ (27). — These are wholly analogous to liquid 
jet pumps (see “ Hydraulics ”). A gas or vapour 
(called “ the fluid ” to distinguish it from the 
gas to be pumped) is forced through a tube 
N from a reservoir R, at pressure p&, into a 
larger tube 0 communicatmg with the atmo- 
sphere (see Fig. 18) If the flow satisfied 
assumption (2) above, the stream would not 
be brought to rest in the atmosphere unless 
pit were equal to II, and if pit = II there would 
be no stream. But owing to viscosity and 
friction, may be greater than IT, so that a 
high velocity v$ is obtained in N, and yet v 
may be zero when the atmosphere is reached. 
In these conditions, the difference II -p, where 
p is the pressure at N, is not so great as lpv$ 2 
given by (24) ; 
but it is still 
finite and of the 
same sign ; p is 
less than IT. 

If gas in the 
space surround- 
ing N is given 
access to the 
stream through 
the gap between 
N and O, it will flow mto the stream of fluid 
and be carried away by the stream, so long 
as its pressure is greater than p. The fluid 
streaming from N to O will suck gas through 
the pipe Q and will act as an evacuator or 
“ ejector.” In an tc injector ” or compressor, 
Q communicates with the atmosphere, and the 
space with which O communicates, and m 
which the stream comes to rest, is at a pressure 
greater than II, but, of course, still much less 
than Pjx* p is equal to pj? m an ejector and 
to pn° in a compressor ; but if there is a 

1 Confusion is sometimes introduced by a failure 
to observe that the chief part of the pressure of a 
gas is inseparable from its compressibility ; it is 
not due, like that of a liquid, to its weight. The 
pressure of an incompressible gas is a meaningless 
conception The application ot the theory to gases 
is justified only because, for small changes of pressure 
at constant temperature, pdV = - Yelp. 



FIG. 18 
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continual stream of gas through the pump, 
ph or pn will not be equal to p, (1) because of 
the drop due to flow of the connecting tubes 
Q and 0, (2) because the mixing of the gas 
with the fluid affects greatly the velocity and 
pressure of the latter. 

In calculating the performance of a pump, 
allowance has to be made for departures from 
(25) owing to friction and viscosity. The 
allowance is usually made by introducing 
on the right hand of (25) an empirical factor 
ft less than 1, and writing 

Pi- Vi = ltpW - I’l 2 ). • • (20) 

where v v v a are the mean velocities over a 
cross-section of the stream. The principle of 
the calculation is then simple. There are three 
equations (26) for the three tubes N, 0, Q ; 
and there is the equation of conservation of 
mass when the streams meet. (The momen- 
tum is not conserved, for there is a reaction 
on the tubes.) These four equations suffice 
to determme the four unknowns, viz. p, v N , 
v 0 , vq, in terms of pn, pu 2>u, the densities 
py and p f of the gas and fluid, the three 
empirical constants for the three tubes, ft*, 
ft>, ft>, and F N , Fq, Fq, the cross-sections of 
the three tubes at tlicir openings. The algebra 
need not bo set out, for the numerical re- 
sults depend wholly on the values attributed 
to the empirical constants ; it is given m (11). 
Here it will suffice to state some of the most 
important qualitative conclusions, which are 
confirmed by experiment. These were first 
stated by Zeuner (12). 

The variables considered are pn, pi, pu, tiR, 
Fn, Fq, Fq, p 0 , p p and H, the volumetric 
speed, which is equal to ?jqFq. In each 
statement the variables not mentioned are 
supposed constant. 

(1) pn-pi is proportional to pn and o^ 2 , 
so long as pu is great compared with pa or pi. 

(2) S is proportional to \/pu, to v\{, and to 
pu - Ph, subject to the same condition. 

(3) Pu - l depends only on the ratios of 
the F’s, and not on their absolute values. 

(4) S is proportional to the F’s, if their 
ratios are constant. 

(5) Given one of these ratios, there is an 
optimum value for the other two, giving 
maximum S, but the same maximum S can 
be obtained with different values of the ratios. 

(6) S is independent of p g and p f , so long as 
fc'K is constant. 

(7) 8 may be considerably greater than the 
volume of fluid issuing per second from N, 
e g. two or three times as great. 

Owing to the circumstances in which the 
pumps are used, the efficiency is seldom 
important. But the mechanical efficiency 
reckoned on the basis of the work done in 
driving the fluid stream appears seldom, if 
ever, to exceed 25 per cent. 


§ (28). —In practice the fluid used is generally 
steam or compressed air. Ejectors using these 
fluids are used for vacuum brakes, vacuum 
cleaneis, and gram conveyors. Their great 
advantage is, of course, their simplicity and 
freedom from maintenance charges. Fig. 18 
shows a pump used for railway vacuum brake 
operation. It will reduce p h to about 15 cm. 
of mercury. A more elaborate pump is 
shown diagrammatically m Fig. 19. Here a 



common supply of steam works two pumps 
m scries. The first consists of the plain 
nozzle A, the second in the annular gap B, 
from winch the gas is carried into the sur- 
rounding annular space G. It is claimed that 
this pump will attain a pressure of 3 cm. of 
mercury. Remark* should bo made that the 
application of the sim pie theory to such pumps 
is extremely precarious, for the assumption 
that the change of pressure of the gas is 
inlinitesimal is clearly false. 

Fig. 20 shows a blower used for moving 
largo quantities of air in ventilation under a 
pressure of a few 
inches of water. Air 
or steam is used as 
fluid ; the concentric 
cones are designed to 
make the velocity of Pia. 20. 

the gas nearly parallel 

to that of the fluid, so that the direction of flow 
of the latter is not disturbed by irregularities 
in the flow of the former, A somewhat similar 
arrangement is adopted in the smoko-box of 
a locomotive, whore the exhaust steam is 
made to create a draught through the boiler 
Hues. 

§ (29).— The most modem development of 
the type is the mercury vapour jet pump used 
m conjunction with a condensation ” high- 
vacuum pumps (q.v.). Indeed, as will bo 
seen, the line between vapour jot pumps and 
condensation pumps cannot be drawn sharply ; 
roughly it may be sot at the pressure where 
the mean free path of the vapour molecules 
becomes comparable with the dimensions of the 
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tubes ; but there is no justification for over- 
looking the distinction entirely. The construc- 
tion of these vapour jet pumps is essentially 
similar to Fig 18, but the apparatus is made 
of glass ; the vapour stream is produced 
by boiling mercury, and condensing arrange- 
ments are provided for returning the vapour 
to the boiler A practical form designed by 
Voimer (13) will reduce the pressure from 
Pn = 20 mm. of mercury to ph~ 001 mm. 
But it is doubtful whether they will replace 
generally the rotary aerostatic oil-pump for 
producing the auxiliary vacuum of high- 
vacuum pumps Fi agility is their great fault 

Bf Injedois and Ejectors — Liquid JStteam 
§ (30). — This type of pump, of which the 
laboratory filter pump (Fig. 21a) is a common 
example, is often regarded as a mere modifica- 
tion of Be, gas or vapour being replaced by a 
liquid as fluid. But the difference is really 
greater. If the theory of Be is applied to 
pumps with liquid as fluid, then, even if all 
plausible corrections are made, the 
calculated performance is far less 
(e.g. 10 times) than the actual. The 
error arises in assuming that the 
gas and fluid are miscible. The 
flow of the gas into the fluid is not 
determined simply by the pressure 
difference, and relative motion of 
the fluid and gas is possible, even 
after they arc mixed in the exit 
tube O 

Pm 21a It seems preferable to look at 
their action from a different point 
of view. Two processes are involved : first, 
the entangling of the gas by the liquid stream ; 
second, the conveyance of the entangled gas 
from the L P.V to the H.P.V. During the 
second process the gas will move relatively to 
the liquid nearly as if the liquid were at rest 
relative to the walls. The difieience of pressure 
ultimately obtainable is limited only by the 
condition that the velocity of the liquid enter- 
ing the L.P.V by N is sufficient to carry it 
out through O against the pressure Ph - Pl-> 
and is also greater than the velocity with 
which the bubbles of entangled gas travel 
through the liquid m the opposite direction. 
It is the second process which determines 
the greatest possible value of pn°-Pi°- 

On the other hand, the speed of the pump 
is determined by the first process. Its nature 
is obscure ; probably the liquid stream carries 
along a layer of gas on its surface, in virtue of 
friction and viscosity (cf. § (39)), as would a 
solid rod travelling with the same velocity. 
When the liquid breaks mto drops m virtue 
of the inherent instability of liquid jets, this 
gas becomes entangled between the drops. . 

On this view the performance of a pump 
of this type appears quite incalculable. No 



calculations confirmed by experiment seem 
to have been based on any view, and few data • 
of performance or of its variation with the 
construction of the pump seem available. 

§ (31). — The filter pump of Fig 21a fed with 
water at a head of 50 ft. or more will reduce 
p h to the vapour pressure of the water. But 
no measurements of S under varying conditions 
have been found. It is recorded that the 
pump is more efficient if placed at the top 
of a building so high that the exit tube can 
he made as long as the water 
barometer. 

A variant on the usual design 
is shown m Fig. 21b, which is 
similar m construction to the 
Venturi meter. But since the ^ 
action is improved by a baffle 
at b which breaks up the stream, 
it is probable that, as suggested, 
the formation of drops is an important part ol 
the process. A non -return valve, as shown at 
V, is useful with either of these types to 
iwevent the flow of water mto the apparatus 
if the head becomes insufficient. 

Evacuators of these types are applied 
outside the laboratory to vacuum cleaning 
and to gram conveyors. Compressors work- 
ing on the same principle, but with a different 
construction, have also important commercial 
uses ; they are known as “ trompes.” In a 
very simple form (Fig 22), used for blowing 
blacksmiths’ fires, a stream 
of water flowing down a 
pipe with a few holes in it 
drags with it air from the 
atmosphere, which is sub- 
sequently separated from 
the water in a closed vessel. 

A more elaborate form has 
been developed in America 
for supplying compressed 
air to mines where a great 
head of water is available. 

The pressure obtainable 
is a considerable fraction 
of that corresponding to the head of the 
water. 

B g Centrifugal Pumps 
(General Reference (11) and (14)) 

§ (32) — Centrifugal air-pumps are analogous 
to centrifugal liquid pumps (see “ Hydraulics ”). 
They are generally called “ fans,” and are 
used as fans or blowers according to the 
definition of the introduction The principle 
is shown in Fig. 23, which illustrates the 
simplest type. The gas entering the circular 
-central aperture O in the housmg is whirled 
round by the rotating vanes, acquires velocity, 
and issues through B. 

Suppose that the conditions necessary for 
(24) are fulfilled, and that the gas leaves the 
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tips of the vanes with a radial velocity r,, 
* uniform over the whole surface of the circular 
cylinder surround mo; the vanes. The area 
of this surface is 21hd l ~lh, where r is the 
radius of the vanes and d tlieir breadth per- 
pendicular to the diagram. Then 

S-F^ . . . (27) 

Tf F> is the area of the opening, and i» 3 is the 
velocity of exit uniform over the opening, 

S=Fj>?> 2 . . . (2<H) 

If the gas in acquiring its velocity from the 
vanes preserves its original pressure p h , then 
from (25) 

Pn -Ps = ]/>(V - V) = 2 /> R2 (lih - jh) • ( 2!) ) 


But, as m Section Be, (24) is not true and 
allowance has to he made for losses of energy 
due to friction and to sudden 


B ] changes m the direction of 

L- v'T"^V\ the gas stream. Further, the 
fVM-] velocities are not uniform over 
\y]/y the surfaces F x and F a . Again, 
if is convenient to express 
Jj'iG. 23. jPh ~ Pl and S in terms of the 

velocity of the vanes which can 
be measured directly , it is usual to represent 
this velocity by v {) , the linear velocity of the 
tips. It may be assumed that and v 2 are 
proportional to vy The losses may ho then 
represented by one' or more terms proportional 
to v‘ 2 0 or to S 2 , or to Svy and the general equa- 
tion for the performance of the pump written 


Pn-Ph^a’^ + P 1 '^ I 7S 2 - (3<>) 


The constants a, ft, y are usually regarded 
as depending on the angles at which the 
stream of gas strikes the vanes and the 
housing , they certainly depend on the 
geometrical quantities characteristic of the 
pump. Some progress towards calculating 
them directly from those magnitudes can lie 
made, but otrie purely empirical constants 
arc always necessary. In designing the forms 
of the vanes and of the housing such calcula- 
tions arc a useful guide ; hero reference can 
only be made to discussions in (11) and (14). 
It may he noted that in (110), a is always, ft 
usually, positive, while y is negative. 

Three kinds of efficiency are recognised for 
centrifugal pumps : 

§ (33). — (i.) The manometric efficiency E rmu , 
is taken as (p n (usually II) and p n 

being the static pressures of the inflowing 
and outflowing gas. If v x were equal to ?y 
the maximum value of E nuul would be |, 
but since v t may be either greater or less than 
vy Email, might theoretically have any value ; 
actually it is seldom if over greater than L 

(ii.) The mechanical efficiency E m0Ch . Tlio 
useful work is generally taken to be given by 


(9), so that if w is the power exerted at the 
pump shaft, Hwi, “N(pu Home- 
times the useful work is reckoned by (9a) ; 
the corresponding efficiency is called the 
total efficiency, but it is seldom important, 
as previously explained. E llu , (tll is a true 
efficiency and can never be greater than ]. 

(in) The volumetric efficiency F U)1 , which 
is taken by some writers to be 8/vy 2 and by 
others to be 8/27 m/y The Iattci quantity 
would bo unity if v x were equal to v 0 ; the 
former seems to have no general significance, 
but, being a no-dimensional magnitude, is 
convenient for comparing similar designs 
E v „i is often greater than l if the first 
expression is chosen, sometimes if the latter 
is chosen. 

It is apparent from (30) that the pressure 
and the efficiencies will vary with S, if 8 is 
controlled by changes in the area F 2 or by 
other changes m the resistance to the flow 
of the gas. Fig. 24 shows typical curves 
relating the brake II.P. u\ the pressure dif- 
ference pu-pu and the mechanical efficiency 
to the volumetric speed S, the velocity of the 
vanes being constant. It will bo observed 
that this efficiency is zero for 8 ~ 0 and for 
high values of S and lias a maximum for some 
intermediate value. If mechanical efficiency 
is required the pump must be designed for its 
special work If the velocity of the pump is 
varied over a moderate range, 8 varies as 
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vy pir-pi, as vi 2 , and the power expended is 
v* 3 . For extreme varieties the u constants ” 
of (30) change. 

§ (34).— Simple centrifugal fans differ m size, 
in the number and shape of the vanes, and in 
the shape of the housing surrounding them. 
This is often divided into a “ diffuser,” or 
portion with parallel sides immediately out- 
side tlie vanes and a “ volute,” or portion 
of circular section, outside the diffuser. Tho 
cross-section of tho volute increases towards 
tho outlet in order to make some use of the 
kinetic energy (see § (5)). Some fans have 
inlet openings on both sides of the fan, some 
only on one. But in their performance, 
they all have common characteristics ; they 
are all used as low - pressure blowers, the 
maximum pressure obtained being about 12 in. 
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of water; IPl does not exceed 1-03, and 
assumption (1) of § (26) is justified. In 
largo sizes their mechanical efficiency may 
reach 80 per cent, hut usually it is more nearly 
70 per cent and intermediate between that 
of piston pumps and of Root’s Blowers. Over 
either of these types they have the advantage 
of simplicity and of being proof against hot 
and dusty gases if the bearings are suitably 
protected. 

Composite, or multi-stage, centrifugal fans 
are also common. The fans of successive 
stages run on the same shaft , the discharge 
from the circumference of one fan is led by a 
tube to the central intake of the next. Since 
Pn-pL is pioportional to p by (25) and p is 
proportional to or pu, wo have in successive 
stages 8pc‘- p, or pjp 1 ~h n t where k is the 
range of the simple pump and n is the number 
of stages. The range of the composite pump 
is the product of the ratio-ranges of the 
individual stages Such multi-stage fans with 
ten or more stages, each giving x = l*l when 
driven by a turbine or electric motor at 4000 

r. p. m., are 
used to deliver 
air to blast 
furnaces at a 
pressure of 
atmos. They 
are also used 
for “super- 
charging” 
petrol motors 
on aeroplanes. 
In Fig. 25 a 
3 -stage fail of this kind is shown ; details of 
bearings, rings to prevent leakage, and the 
water-jacket of the outer casing have been 
omitted. A, B, C are the revolving “ im- 
pellers,” while the parts drawn solid are fixed. 

Ratcau constructed a simple fan, running 
at 20,000 r.p.m , which gave tc = 1-5; experi- 
ments on extremely high speeds have also 
been made by Parsons and others. But 
such simple fans seem to have no practical 
advantage over the composite type. 

IVt. A ir screws 

(General References (11) and (14)) 

§ (35). — In type By, the velocity of the gas 
produced by a rotating solid is perpendicular 
to the axis of rotation ; if the velocity is 
mainly parallel to that axis, the fan may 
be called a ** propeller,” or, better, airscrew. 
In all that concerns the general relations 
between the velocity of the solid and the 
velocity or pressure of the gas, airscrews 
are indistinguishable from centrifugal pumps. 
Thus the pressure produced by an airscrew 
is proportional to the square of its velocity, 
the volumetric speed to the velocity, and the 



power to the cube of the velocity (35) is 
still true, at least approximately, and similarly 
defined efficiencies might be employed to state 
the performance. 

The difference between airscrews and 
centrifugals lies in the connection between 
the constants of these equations and the 
geometrical magnitudes. Much more is known 
of this connection for airscrews, perhaps on 
account of their im- 
portance for other pur- 
poses ; for this know- 
ledge reference may 
he made to “ Aero- 
dynamics”; since 
airscrew pumps are 
not very ' important, 
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no further account 
their theory need be given here. 

§ (36). — Airscrews are largely used for venti- 
lation, either stirring up the air in. a room or 
extracting it into the atmosphere through a 
hole m the wall. A plain airscrew is very 
inefficient for the second purpose, since the 
difference of velocity between the centre and 
circumference of the screw produces a circula- 
tion within the fan itself, as shown m Fig 26. 
The loss due to this circulation is greater when, 
as m Fig. 26, it is the H.P.V. that is partially 
closed than when it is the L.P.V. To reduce 
the loss the centre of the airscrew is often 
covered with a disc to prevent the return 
flow ; the volumetric speed for a given 
diameter and velocity is thereby decreased, 
but the mechanical efficiency is increased. 

It is impossible to secure that all the energy 
given to the gas shall produce axial flow ; 
some inefficient tangential and radial flow 
is always produced at the same time. In 
the Rateau screw fan, shown in Fig. 27, 
tangential and radial flow 
is greatly reduced by causing 
the gas to strike the blades 
(B) with a velocity opposite 
to that of their rotation. 

This velocity is imposed 
on the inflowing gas by the 
fixed vanes V. The centre 
of the blades is covered by 
the fixed disc D. a shows 
a transverse section through 
the fan, b a “ cylindrical ” 
section made by a cylinder 
coaxial with the fan, cutting 
B and V and developed into 
a plane. In b the motion of 
the blades B is upwards. The Rateau screw 
fan resembles in its performance a simple 
centrifugal. 

Some fans, described as of C{ mixed flow,” 
are intermediate between centrifugals and 
airscrews, the flow of gas being partly radial 
or tangential and partly axial. But they do 
not differ sufficiently in principle from the 
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many types of pure an screws and centrifugals, 
which arc also described in makers’ catalogues, 
to warrant special notice For small powers 
there seems little to choose between these 
classes of fans ; for larger powers the centri- 
fugal is more suitable ; it is also more suitable 
for the individual members of a composite 
pump. 

B /. Thermal Pumps 

§ (37). — The principle of these is sufficiently 
discussed under “Convection.” The chimney 
of the open fire which ventilates a room and 
the gas jet in the flue of the chemical fume 
cupboard are familiar examples of “ blowers ” 
of this type The draught produced by a 
flame m a flue has also been used to work 
small wind channels for aeronautical investiga- 
tion ; and generally, if only very small powers 
are concerned and efficiency is unimportant, 
chimneys and small fans may be regarded as 
mutually interchangeable. 

C. Higii-vaouum Pumps 
(General References (21), (23)) 

§ (38). — During the last few years pumps 
have been invented which will attain pressures 
definitely lower than those that can be reached 
with any of the pumps described so far. They 
depend upon u molecular ” processes, that is 
to say, processes explicable by molecular 
theory and not by hydrostatic or hydro- 
dynamical theories, which regard a gas as a 
continuous medium. These processes become 
important only when the pressure of the gas is 
below some definite limit, which is usually far 
below that of the atmosphere. The pumps 
must therefore be run in scries with an 
auxiliary pump which reduces and maintains 
the pressure below the limit at which the 
action of the molecular pump begins ; this 
pressure is of the order of 0-1 mm. As 
auxiliary pumps, those of type (Ad) are now 
usually employed. Further, since the vapour 
pressure of ^ator is much above the limiting 
pressure, a drying agent must be used in 
conjunction with the auxiliary pump; on 
the other hand, a molecular pump does not 
distinguish between vapours and permanent 
gases, and no device is needed to remove 
from the low-pressure side of the pump any 
vapours except those which arise from the 
action of the pump itself. 

Two molecular processes have been employed 
for such pumps, both originally suggested by 
Gaede. Since the first type w'as the only 
member of its class when first invented, it 
was called by its inventor the “ molecular 
pump.” It is convenient to retain the term 
and confine it to this type, although the 
second type, mvented later, has an equal 
right to it. 


Cq Friction Pumps 

§(39) Gaede Molecular Pump. — The 
action depends upon the forces between a 
gas and a solid (or liquid) suifaee moving 
j datively to it. At ordinal y pressures these 
forces are determined by the viscosity of the 
gas, and the influence of the solid boundary 
enters into the calculation of the flow only 
through the assumption that r 0 , the velocity 
of the gas at that boundary, is zero and that 
there is no “ slip.” But at sufficiently low 
pressures Kundt and Warburg (lb), confirmed 
by many later observers, showed that the 
measured flow agreed with that predicted 
hydrodynamically only if it was assumed that 
there is some slip, that the velocity of the 
gas at the boundary and parallel to it, is 
finite, and that the force exerted on the gas 
by the boundary is cr 0 . t is called the friction 
coefficient and e/?; the coefficient of slip. 

From the molecular standpoint the matter 
appears somewhat diflerently. The condition 
v () -=0 means that the velocities of the mole- 
cules leaving the boundary arc symmetrical 
on cither side of the normal. The appearance 
of slip at low pressures does not mean that this 
condition is no longer fulfilled. For if the 
pressure is greater on one side of the normal 
than on the other, more molecules will arrive 
at the boundary from the first side 4 ; if the 
molecules leave the boundary equally dis- 
tributed on both sides, then there will be on 
the whole a flow of gas from the first side to 
the second, so long as the distance travelled 
by the molecules leaving the boundary before 
they collide is finite. On the other band, the 
flow will be less than it would bo if the mole- 
cules loft the boundary with their velocity 
parallel to it unchanged, Accordingly the 
condition 0 is not inconsistent at low 
pressures with the hydrodynaimcal assumption 
of a finite slip coefficient. 

Knudseu (10) has calculated the friction 
coefficient from such a molecular theory. Ho 
’ assumes that whatever the direction of the 
incident molecules, the number with any 
velocity leaving the boundary within a cone 
of solid angle dia making an angle 0 with the 
normal is proportional to eos Odta and that the 
distribution of velocities is Maxwellian. He 
concludes that t «, 0 . p t where 



and p 0 is the density of the gas at unit pressure 
and the prevalent temperature (31) has been 
confirmed by experiments at pressures less 
than 0-001 mm. Gaede (17) has shown that 
at higher pressures e? 0 is greater, probably 
owing to the presonce of a gas film on the 
bounding surface. 

Consider a layer of gas between two infinite 



• 18 


AIR-PUMPS 


parallel plates, distant h from each other, 
moving relatively to the gas with velocities 
v l9 % Let p l9 p 2 he the pressures of the gas 
at points distant L along the direction of 
motion. If the pressure is so high that the 
mean free path is small compared with the 
distance between the plates, the forces on the 
gas are due to its viscosity ; the relation 
between p 1 and p 2 is given by the equation 
similar to that of Poisseuille : 

(Pi - Ps) = ;’ a • L(« 1 + V„). . (32) 

But if the distance between the plates is 
small compared with the mean free path, 
the conception of a viscosity depending on 
collisions between molecules becomes in- 
significant, and the equation must involve 
only e, depending on collisions with the walls 
It is found that 

los, ^ = t L(t,i+ ° s) ‘ • • (33) 

The ratios of the pressures at opposite ends 
of the plates is a function of the velocities 
and of the geometrical quantities : it is in- 
dependent of the pressures. If any geometri- 
cal arrangement other than that of parallel 
plates is used, this proposition is still true, 
so long as the pressure is sufficiently low, 
and so long as the velocities are consider- 
ably less than the mean velocity of the 
molecules. If this last condition were not 
fulfilled the distribution of velocities among 
the molecules leaving the boundary would be 
no longer Maxwellian, and e 0 would be greater 
— which would clearly be desirable for the 
purpose in view. 

§ (40). — The construction of Gaede’s pump 
(18) in which this principle is applied is shown 
diagrammatically by transverse and longi- 
tudinal sections in Fig. 28. A is a cylinder 



rotating in the closely fitting housing B ; in 
the surface of A are cut grooves into which 
project the obstructions G attached to the 
housing; the pipes n and m open into the 
grooves on either side of C If A rotates 
clockwise the friction between the rotating 
cylinder and tho gas lowers the pressure at 
n and increases it at m,. The grooves are in 
series from the middle outwards ; m of the 
middle groove is connected to n of each 
of the grooves on either side, and so on ; 
m of the outermost grooves are connected 


to the auxiliary vacuum (H.P.V.) and w of the 
middle groove to the L.P.V A is run at 
about 140 revs, per sec by a pulley and 
motor. The axle passes through an oil box 
which seals the interior of the housing fiom 
the atmosphere. The intrusion of oil from 
the oil box is prevented by an Archimedean 
screw cut on the axle, which drives the oil 
backward ; this ariangement makes it of 
great importance that the auxiliary vacuum 
should be turned on after the pump is started, 
and turned off before it stops. 

The precise calculation of the pressures 
obtained is very complicated , for there has 
to be taken into account, besides the driving 
of the gas from n to m by the friction of the 
rotating cylinder, the leak of the gas back 
from m to n past the obstruction 0 and over 
the surface of the cylinder between successive 
grooves. But theory shows and experiment 
confirms that at a sufficiently low pressure 
the ratio of initial and final pressures is 
proportional to the speed of rotation and 
independent of the pressure, but the ratio 
falls off when the pressure in any part of the 
pump rises above that (about 0 02 mm.) at 
which b is equal to the mean free path. At 
a speed of 140 revs, per sec and an auxiliary 
vacuum of 0 1 mm. pa/pi is about 10 5 , so 
that a pressure of 10' c mm. can be obtained. 
But the ratio varies with the gas, m virtue 
of the occurrence of p 0 in (31) , it is less with 
hydrogen than with air ; probably hydrogen 



formed a large part of the gas with which this 
measurement was obtained. Lower pressures 
could be obtained with a better auxiliary 
vacuum ; but the vacuum attainable is defi- 
nitely limited by that of the auxiliary pump. 

An important feature of these pumps is the 
great speed of pumping Fig 29 A shows S 
(in cm. 3 /see.) plotted against the pressure 
(log scale) , for comparison, B shows S for 
the Gaede rotary mercury pump (A b). 

The molecular pump would have made 
possible modern high- vacuum work ; but all 
its advantages, except one, are possessed 
by the next type of pump to be considered. 
This one advantage is that it will remove all 
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vapours, while all other high-vacuum pumps 
leave mercury vapour, which has to bo removed 
by condensation. But the advantage is of 
little piactical importance for most work 
since the pump will maintain the vacuum 
only while it is running , if it is to be stopped 
and the vacuum preserved, some form of tap 
or trap must be inserted, and such devices 
always introduce vapours On the other 
hand the molecular pump is necessarily 
expensive and requires skilled attention. 
Despite its novelty and ingenuity it is alroady 
practically obsolete. 

Ok, Diffusion Pumps 

§ (41) Diffusion Pumps. — In Fig. 30 (a) lot 
H be the H.P.V. in which is maintained 
a constant pressure, L the LP.V. to be 
evacuated Lot X be a vessel in which some 
liquid can be heated, while li, but not L, 
is cooled so as to condense its vapour. If 
the liquid is heated to a temperature at 
which its vapour pressure P is large compared 
with p H , a continual stream of vapour will 
pour along the tube XMH, driving the gas 
before it and condensing in H ; if the stream 



is sufficiently rapid the gas in II will be un- 
able to diffuse back into the tube against, it. 
On the other hand, the gas in L will diffuse 
out into the vapour stream and bo carried 
by it into H. Bor this diffusion is not opposed 
by a vigorous stream m the contrary direction ; 
since L is not cooled, the vapour will not 
condense m L, and vapour will enter it only 
at a rate sufficient to replace the gas diffusing 
out. Accordingly, after some time L wifi be 
completely evacuated of gas and contain 
only vapour. If L is now cooled, the vapour 
will condense and an almost perfect vacuum 
be left m L. The vacuum will not be quite 
perfect because some gas from H will diffuse 
back against the stream of vapour, however 
low is pn and however rapid the stream ; but 
a consideration of the magnitudes involved 
will show that the residual pressuro could 
easily bo made inappreciable. 

Such is the principle of the diffusion pump 
m its simplest and ideal form. In practice 
it is impossible to maintain the whole of L 
(the apparatus to lie evacuated) at or above 
the temperature of the boiling liquid during 
the evacuation. L as well as II is cooled 
sufficiently to condense the vapour, and 
consequently if the simple arrangement of 


Fig 30 (a) were adopted, the diffusion of gas 
out of L would bo opposed by a vigorous 
stream of vapour entering, if the gas Irom 11 
could not diffuse against the stream neither 
could the gas from L ; there would bo no 
pumping Some device, therefore, must be 
adopted to prevent a stream of vapour 
entering L. 

§ (42) Gaedk Diffusion Pumi>. — The device 
originally adopted by Gaedo (19) was to 
place m the tube leading to L an obstruction 
with a very small opening. If the linear 
dimensions of this opening are small compart'd 
with the mean free path of the molecules, the 
laws of the flow of gas and vapour through 
the opening are not those of hydrodynaimcal 
streaming, but those of diffusion The How 
depends on the partial pressure of the con- 
stituents of the mixture and not on their total 
pressure. Since the partial pressure of the 
gas m tho tube XMIt is zero, the gas will 
diffuse out through the entering vapour in 
spite of the fact that the total pressure of the 
vapour is greater in the tube than in L. 
The problem can be treated exactly by 
molecular theory, [f d is the diameter and er 
the area of tho opening at M, X the mean free 
path, p 0 tho density of the gas at a pressure 
of 1 dyne per cm. 2 , then the volume of the gas, 
measured at ph, issuing through M per see. is 
given by 
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a attains the maximum 1 when d/X is small ; 
but o decreases with d. The maximum value 
of S, when X is fixed, is given approximately 
by d -X. This maximum will increase with 
X, which, since tho vapour pressure of the 
liquid must be greater than pm is limited 
by pir. Accordingly the speed of the pump 
depends greatly on tho auxiliary vacuum, 
and also on the temperature of tho liquid. 
Bor if 1 > is too small, gas will cliff use back 
from II ; if it is too large, the diffusion of 
gas from L will bo hindered by tho oppos- 
ing How, Tho conditions in the pump need 
therefore careful adjustment. On tho other 
hand, S is independent of the pressure of tho 
gas and dependent only on its nature and 
temperature ; this is tho most striking feature 
of all diffusion pumps. S is greater for the 
lighter gases ; tho variation of 8 with the 
nature of the gas is tho contrary of that for 
the molecular pump. 

§ (43). — Any liquid could bo used in a dif- 
fusion pump, so Jong as it could be maintained 
at tho appropriate temperature, Actually 
mercury is used, for tho appropriate tempera- 
ture is convenient (I* = 0-3 mm. at 100° (!.); 
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moreover it is chemically stable and does not 
wet glass. But its universal adoption is prob- 
ably due m part to the previous association of 
mercury with air-pumps — an association based 
on quite different properties 

The vapour of the liquid used in the pump 
at the pressure corresponding to atmospheric 
temperature is left by the pump m L. It is 
easily removed from the apparatus connected 
to L by making the connection through a trap 
cooled* in liquid air. The introduction of the 
cooled trap involves, of course, a continual 
stream of vapour opposing the diffusion of the 
gas through L ; but at atmospheric tempera- 
tures the vapour pressure of mercury is so 
low that the consequent diminution m the 
speed of the pump is inappreciable. However, 
Gaede (19) has pointed out that the existence 
of this stream causes a slight error, appreciablo 
at the lowest pressures, m the measurement 
of the pressure in L by a McLeod gauge. 
Since vapour is streaming from the gauge to 
L, the pressure of the gas in L is slightly higher 
than its pressure m the gauge. 

§ (44). — The original diffusion pump of Gaede 
involved complicated glass construction : since 
it is no longer used, it need not be shown. 
The maximum value of S obtamable was about 
SO cm. and far below that of the molecular 
pump at the higher pressures. On the other 
hand S was, as theory predicts, independent 
of the pressure down to the limits of measure- 
ment , at pressures less than 10" 6 mm. the 
diffusion was as good as the molecular pump, 
and no practical limit to the pressure was sot 
by the diffusion of gas from H agamst the 
vapour stream. 

Moreover, it should be observed that there 
is nothing in the principle of the pump to 
hunt its use to very low pressures, except the 
condition that d~\ : if openings as small as 
the free path could be obtained at atmospheric 
pressure the pump would work. Gaede has 
actually used the pump at atmospheric pressure, 
taking the pores of an earthenware pot as the 
openings and steam as the vapour ; but since 
the pores are backed by very line tubes, 
through which the gas has to flow before it 
arrives at the pump, the speed of such a 
pump is very slow ; it is not generally of 
practical use. 

§ (45) Langmuir “ Condensation ” Prar. 
— A simpler and more efficacious method of 
preventing the flow' of vapour into L is to use 
the inertia of the stream to carry it past the 
opening Thus in the modification shown in 
Fig, 30 (6), if the velocity of the stream of 
vapour issuing at C is as great as the velocity 
of the molecules in the stream, all the vapour 
will travel forward till it meets the walls of 
the outer tube or the gas in H ; none will 
stream towards L and prevent the diffusion 
of gas from L, although the pressure m the 


vapour stream, as measured by its density? 
may be very much greater than the pressuio 
m L. (It will he seen that the construction 
is similar to the gas injector pump Be, 
but the principle of action is different. The 
gas from L diffuses against the hydrostatic 
pressure ; it does not flow with it.) 

If the w r alls of the outer tube w'ere heated by 
the vapour, the liquid condensing on them 
would have a vapour pressure greater than 
that in L , there would bo a flow of vapour 
from the heated walls towards L, which is 
cool, and this stream would once more hinder 
the diffusion of gas from L. Accordingly 
Langmuir (20), -who first used this arrange- 
ment, laid great stress upon the cooling of 
the w r alls struck by the vapour stream ; he 
insisted that the vapour must be immediately 
condensed to the temperature prevailing in 
L, so that there should lie no flow of the vapour 
back towards L. On account of the import- 
ance attributed to this condensation, he termed 
his pump a “ condensation ” pump to distin- 
guish it from Caedo’s diffusion pump ; but it 
is equally a diffusion pump in the sense that 
the gas from L follows the gradient of partial 
pressure, not that of total pressure. Gchrts 
(21) has pointed out that Langmuir’s principle 
was anticipated by Magnus (22), who did not 
see its applications. 

It appears, moreovei, that though the very 
efficient cooling of the walls and the complete 
condensation is necessary to the most efficient 
workmg of the pump, it is possible to make a 
pump of this type with much less efficient 
cooling. This is achieved in Crawford’s 
parallel jet pump (24). But in its working 
characteristics this pump resembles the dif- 
fusion rather than the condensation pump, 
and has not the advantages of Langmuir’s 
pump noted below. 

§ (46). — The construction of Langmuir’s 
pump m metal (25) is shown in Fig. 31 ; it can 
also be made without great complication in 
glass (20). The mercury M is m 'ntained at a 
temperature of about 100° C. by the expendi- 
ture of about 300 watts, supplied electrically 
or by a burner. The baffle B deflects the 
vapour stream downwards and against the 
walls cooled by the v T ater jacket J. The 
L.P.V. is connected to L ; the auxiliary 
pump to H. If this pump maintains a 
pressure p E of 0-01 mm. or less, S is as great 
as 3000-4000 cm. 3 /sec. and is, as before, in- 
dependent of pi down to the lowest observ- 
able pressures. Higher pressures pn decrease 
the speed, hut the pump will work even if 
j the pressure is nearly 0*1 mm. The speed 
is mdependent of the temperature of the 
mercury, so long as this is above a limit, 
which is greater the greater is pn . The great 
speed of the pump — greater even than the 
maximum of the molecular pump — and the 


AIR-PUMPS 


21 * 


absence of any need for the accurate control 
of temperature, are the advantages that have 
caused condensation pumps to re] dace wholly 
the original Gacdo type. 

Many valuations on the original Langmuir 
design have been made. In some of them 



(2C, 27) the heating of the mercury is effected 
by an arc maintained between two mercury 
surfaces inside the pump ; m fact tins 
arrangement lias been applied to largo 
mercury-vapour current rectifiers (28), so 
that the rectifier acts as its own high-vacuum 
pump, only an auxiliary pump being needed. 
Again, it lias been proposed (21), 30, 31) to 
combine m the same apparatus a mercury- 
vapour jot pump and a condensation pump, 
using the same stream of mercury vapour. 
The two act m series, and the combination 
will work with an auxiliary vacuum of 10-20 
mm ; hut the construction is complicated. 

However, special reference need bo made 
only to one typo of this pump, remarkable for 
its simplicity. It is found possible to dispense 
altogether with the inner tube in Fig. 30 (ft) 
and to make the arrangement of Fig. 30 (a) 
act as a condensation pump by merely eoolmg 
the walls of the horizontal tube. Since the 
mercury molecules striking the cooled walls 
do not rebound therefrom, if the cooled tube 
is made sufficiently long, all the molecules 
emerging from its end at M will ho moving 
parallel to tho length of the tube and will 
not enter the side tube. One form of such a 
pump is described m (32). An oven simpler 
construction is shown in Fig. 32 adopted, tho 
whole being made of sheet metal. The limit 
of pn at which the pump will work is about 
0-015 mm., and somewhat higher than that 
for the Langmuir type. But tho value at 
which the maximum speed is obtained is not 
very different ; this maximum is about 1500 


em. 3 /scc , and is sot by the dimensions of the 
inlet tube (see below) rather than by the 
pump itself. The auxiliary vacuum of 0 01 
mm. for this or the Langmuir pump can bo 
obtained by oil -pumps, and presents no 
difficulty. Tho simple pump of Fig 32, as 
well as the Langmuir and other more com- 
plicated pumps, is used on tho industrial 
scale in tho manufacture of thermionic valves 
and other high-vacuum devices. 

§(47) i l ns 11-vaou uivi TRfunsriQino. — -It has 
been pointed out that there must be some 
limit to tho pressure reached by a diffusion 
or condensation pump, determined by pn and 
tho speed of tho vapour stream. When a 
high -vacuum pump is used the pressure 
attainable and the speed of pumping are 
actually limited by factors other than tho 
efficiency of tho pump. In the first place, 
the tubes connecting the pump to the apparatus 
offer a resistance to the tlow of gas. K Hudson 
(Iff) has shown that tho volumetric speed of a 
perfect pump is given by 


S = 



(35) 


where R is a constant dependent of tho form 
of the connecting tube and />„ is the density 



of tho gas at a pressure of l dyne/otn.® Lor 
a cylindrical tube of radius r and length L, 


Ur 


3L 

4 s/2rr 
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If r is expressed in millimetres, L in metros, 
then for air at 20°, 


. . . (i)7) 


8 is 1000 cm. 3 /sco. for air flowing down a 
tube I metre long and about 1 cm. in diameter. 
Consequently to make full use of tho speed 
of a condensation pump, connecting tubes 
not less than 2 cm. in diameter must bo used ; 
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if the evacuated vessel has to be sealed off 
eventually, the speed is often limited by the 
diameter of the sealing - off constriction. If 
this constriction is to be sealed off by a blow- 
pipe it is difficult to make it more than 3 mm. 
in internal diameter ; but it is possible by 
heating the tube very uniformly and by 
making the temperature gradient along it 
very steep (e.g. by a small electric furnace 
surrounding it) to seal off tubes 10 mm. or 
more m diameter. 

§ (48). — Secondly, there is an evolution of 
gas from the apparatus bemg exhausted. 
Glass and metals m their ordinary condition 
give off large quantities of gas when exposed 
to a vacuum. The gas from glass is chiefly 
water and C0 2 which has been absorbed from 
the atmosphere and will be reabsorbed if 
the glass, having once been freed from gas, 
is exposed to the atmosphere once more 
The gas from metals is largely hydrogen and 
carbon monoxide, absorbed from flame gases 
during manufacture and diffusing out from 
the interior. The evolution is greatly hastened 
by heat and, in metals at least, by making 
them the electrode of a discharge, even if it 
does not cause material heating. 

To obtain a high vacuum, it is necessary 
to heat the glass while the vessel is exhausted 
to the highest temperature that the apparatus 
will stand without collapse ; about half an 
hour at this temperature will liberate the gas 
from the surface, but there is a continual 
evolution at this temperature which is generally 
thought to result from an actual decomposition 
of the glass ; this evolution stops when the 
glass is cooled, hut if the cooling is too rapid 
some of the gas may condense on the glass 
during cooling and be evolved slowly again. 
For some purposes it is desirable to enclose the 
apparatus in a vacuum furnace, so that the 
external pressure of the atmosphere is removed 
and the glass can be heated for some time 
beyond the softening point without collapse. 
The metal parts must also he heated to near 
their melting pomt for several hours; this 
heating is effected m modern practice, either 
by making the metal the taiget of an electron 
bombardment from an incandescent cathode, 
or by exciting high-frequency eddy currents in 
the metal by coils surrounding the apparatus. 
Much time can be saved by heating the metals 
in a vacuum before they are introduced into 
the apparatus. 

By long-continued treatment of this nature 
the evolution of gas can be stopped and a 
vacuum obtained which is perfect so far as 
the most delicate manometers can tell, and is 
maintained indefinitely if the vessel is gas- 
tight. But if the exhausted apparatus is 
sealed off from the pump, some gas is always 
introduced by this operation. For in order 
to soften^he glass it must be heated above the I 


temperature at which an inexhaustible evolu- 
tion of gas starts. The gas thus introduced, 
can be diminished by heating the sealing- off 
place to near its softening temperature for 
some time before scaling, and then completing 
the sealmg as quickly as possible. Again 
much of the gas (chiefly water vapour) thus 
introduced disappears, being either absorbed 
by the glass, or “ cleaned up ” by a discharge 
subsequently passed through the vessel. But 
it seems that, whatever precaution is taken, 
the most delicate forms of manometer will 
always detect the presence of some gas m a 
vessel immediately after it is sealed off. 

For further information on these points 
reference is made to (33), which is the best 
summary in English of the state of an art 
which is described in patents rather than in 
scientific journals. Some important devices 
are still kept secret. 

1 ). Miscellaneous Methods of 
Evacuation 

§ (49) It remains to consider some other 
methods of evacuation which, though they do 
not satisfy any definition of a pump that 
would have been acceptable twenty years ago, 
satisfy, ideally at least, that given at the 
beginning of this article. Some of them are, 
and still more have been, of great practical 
importance ; and they do not appear to differ 
more radically from the older conception of a 
pump (which implied a mechanical device 
with moving parts) than the diffusion pumps. 
Their chief modern use lies m the possibility 
they provide of evacuating a portable vessel 
sealed off from all fixed apparatus. 

§ (50) Condensation.— The pressure of the 
gas in a vessel can be reduced by cooling 
sufficiently any part of its walls The limiting 
pressure obtainable by this means is, of course, 
the vapour pressure of the substance at the 
lowest temperature available. Savery, when 
he evacuated the cylinder of his#st earn -pump 
by condensing the steam with a jet of water, 
was using tins principle. It has had some 
more modem applications, e.g. when a gas 
such as air has been removed by displacing 
it with C0 2 and then condensing the C0 2 
in liquid air. The method is also used for 
compression. Chlorine, C0 2 and S0 2 have 
been compressed into containers by condensa- 
tion in place of by compression pumps. 

§ (51) Chemical Action. — Gas can also bo 
removed by causing it to react chemically 
with the formation of solid or liquid com- 
pounds. Gas analysis by “ absorption ” with 
liquid reagents employs this principle, but 
some developments of it need more special 
mention. Thus it has been shown (34) that 
metallic calcium heated to 700° C. will combine 
with most, if not all, gases, except those of 
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tho inactive group, to form solid compounds 
with low vapour pressures. But some of 
the compounds, especially the hydride, have 
considerable dissociation pressures at slightly 
higher temperatures, and the temperature of 
the metal must be carefully controlled. The 
method has its uses in special circumstances 
(e.g. where high vacua have to be maintained 
away from a laboratory or supply of liquid air). 
The alkali metals will also combine with all 
active gases; tho combination is usually 
brought about by the electric discharge. It 
has long been known that a discharge passed 
with a cathode of sodium or potassium 
fmore conveniently the alloy of the two) will 
remove the common gases down to tho 
pressure where the discharge ceases. Tho 
latest development m this direction is absorp- 
tion by heated thorium or zirconium (35). 

§(52) Absorption. — But such chemical 
methods have been little practised since tho 
discovery of the powerful absorption for gas 
of charcoal at low temperatures. From the 
discovery of the method by Pc war (30) to tho 
invention of the molecular pump m 1913, 
it was the standard method of producing 
extreme vacua unattainable by liquid piston 
pumps. A glass or, preferably, silica tube 
containing a few grams of charcoal is attached 
to tho vessel to ho evacuated. The charcoal 
is heated during tho preliminary exhaustion 
of the vessel, which should be carried to *001 
mm. ; the vessel is thou disconnected from tho 
pump and tho charcoal tube cooled in liquid 
air. If the vessel is large and tho highest 
vacuum is required, two or more charcoal 
tubes may lie attached, one being sealed olT 
before tho next is cooled. 

Many experiments have been made on (I) 
the relative amounts of different gases which 
charcoal will absorb at different temperatures 
and (2) the absolute amounts absorbed by 
charcoal prepared m different ‘ways. A full 
discussion of the results is beyond the scope of 
this article, %nd for fuller information reference 
may be made to a good summary in (37). 
As regards (l) it appears that, in general, 
gases are more absorbed the higher their boiling 
points, the* exception being the inactive gases 
which are but slightly absorbed. The mass 
absorbed is proportional to the mass of tho 
charcoal; it increases as tho temperature is 
decreased and as tho final pressure of the 
residual gas is increased; it is doubtful, 
therefore, whether a really perfect vacuum 
could bo obtained by the method in ideal 
conditions, but, as with the diffusion pump, 
the actual limit lies beyond tho range of 
measurement. The rate of absorption de- 
creases greatly as the equilibrium pressure 
is attained, and, though tho spoed of evacua- 
tion is rapid compared with that of any 
piston pump down to *0001 mm., it is probably 


slower than that of the Langmuir pump at 
lower pressures. 

. As regards (2), there is some conflict of 
evidence which has been only partially removed 
by the very complete study ot the absorption 
by charcoal which resulted from its use in 
gas masks during the late war. In general 
the denser charcoal from tho harder woods 
shows tho greater absorption , tho shell of 
tho coeounut and the kernels of some fruits 
are the best raw materials. The original 
coking should be at a temperature* not exceed- 
ing 900° and must be followed by some 
process for the removal of residual hydro- 
carbons. For this purpose heating in a stream 
of chlorine at 800° followed by heating at the 
samo temperature in hydrogen has been 
suggested ; but the best modern practice 
appears to bo alternate absorption of air or 
oxygen at atmospheric pressure and liquid 
air temperature with “ out-gassing ” of tho 
absorbed gas by evacuation at 400°-500° C. 
Borne writers maintain that all absorbed gases 
can bo removed by heating to 600° (t, others 
that heating to any temperaturo over 500° im- 
pairs tho subsequent absorption. It lias been 
found also that charcoal, activated by special 
processes, will produce high vacua even at 
atmospheric tom perature. 

Absorption, similar to that of charcoal, is 
displayed by other finely divided solids. In 
fact, all solids probably absorb some gas at all 
temperatures, tho differences are merely of 
degree. Of tho other solids proposed for 
practical evacuation, palladium black (which 
will absorb other gases as well as hydrogen) 
and finely divided copper may be mentioned* 
In addition reference may bo made to the un- 
usually great absorption of hydrogen by tan- 
talum at atmospheric pressure. Hero again 
reference may be made to (38). 

§ (53) Absorption in the Fi/eotrio 1)ik- 
ou Alto id. — In the early study of X-rays it was 
found that a hard tube often became u harder ” 
by tho passage of tho discharge through it in 
consequence of a disappearance of part of tho 
residual gas. This disappearance seems to bo 
a normal accompaniment of the discharge ; 
when it does not take place, or when the 
contrary process of an evolution of gas occurs, 
it is because the normal disappearance is 
obscured by an evolution of gas caused by 
heating or possibly by some other and distinct 
action of tho discharge. 

Tho facts concerning this absorption of gas 
are still obscure, and still more obscure tho 
explanation of them. It is certain that the 
inactive gases arc in general less absorbed than 
others, but whether and to what extent the 
nature of the electrodes and of tho walls 
determine the absorption is not yet certain. 
Here reference will only be made to those 
actions of the discharge in “ ole ling-up ” 
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gas winch are of practical importance A 
general reference may bo given to (39). 

The final evacuation of such apparatus as 
thermionic valves, rectifiers and X-ray tubes 
is probably effected by the discharge. How- 
ever carefully the apparatus is evacuated by 
pumping, some gas is always introduced in 
sealing off from the pump. This gas is 
largely, if not entirely, absorbed by the walls 
and electrodes before any discharge passes ; 
but during the first few moments of the dis- 
charge, which repiesents the normal function 
of the apoaratus, some further change occurs 
which makes the “ clean-up ” more complete 
and more permanent. 

It lias long been known that the passage 
of the discharge between suitable electrodes 
would promoto chemical actions which lead 
to the removal of gas. An instance is provided 
by the discharge between electrodes of the 
alkali metals, which has been already men- 
tioned. Again, it has been found that a 
discharge passing to an electrode of charcoal 
would cause the charcoal to absorb at atmo- 
spheric temperature as it will absorb without 
the discharge at liquid-air temperature (40). 

§ (54). — But the most practically import- 
ant process of evacuation dependent on the 
discharge is that which involves the introduc- 
tion of phosphorus vapour into the evacuated 
vessel It appears to have been discovered 
first by Malignam (41) , it was applied to the 
evacuation of electric incandescent lamps and 
has been used for the same purpose continu- 
ously since its discovery. At first it appears 
to have been thought that the action was 
chemical, but it is now known to be dependent 
on the passage of a discharge through the 
mixture of gas and containing phosphorus 
vapour. 

The exact conditions which determine the 
disappearance of the gas arc still obscure, 
but it may he stated generally that if a dis- 
charge is passed through any mixture of gas 
or vapours containing phosphorus vapour the 
pressure will be reduced more rapidly and to a 
lower limit than it would he if the phosphorus 
vapour were absent. The gas that has dis- 
appeared can be restored by heating the walls 
of the vessel to a temperature at which red 
phosphorus will evaporate. The latest theory 
of the action (42) is that the gas is deposited 
on the walls and covered with a “ varnish ” 
of red phosphorus produced by the action 
of the discharge from the phosphorus vapour, 
which prevents the re -evolution of the gas 
so long as the “ varnish ” remains ; it is 
also supposed that the exceptional electrical 
properties of the phosphorus vapour are of 
importance. It is known that sulphur, iodine, 
and arsenic act m somewhat the same way as 
phosphorus m this matter. 

In an incandescent lamp the necessary 


discharge passes between the opposite ends 
of the filament which act as electrodes , the 
cathode, being incandescent, gives a thermionic 
emission sufficient to abolish the cathode fall 
of potential and permit a discharge to pass 
even when the potential difference between 
the electiodes does not exceed fifty volts. 

In Malignam’ s original method the phos- 
phorus vapour w r as introduced by heating a 
small quantity of red phosphorus m the tube 
connecting the lamp to the pump just before 1 
scaling off. The later practice is to deposit 
the red phosphorus on the filament or the 
adjacent supports, whence it is evaporated as 
soon as the filament is heated. Nowadays it 
is also usual to deposit on the filament, together 
with phosphorus, salts such as fluorides or 
chlorides Various benefits are attributed to 
the presence of these salts, but it seems to be 
agreed that their action is subsidiary to that 
of the phosphorus, and that the evacuation 
would not occur unless phosphorus (or one of 
the other elements mentioned) wore present 

By this process of phosphorus evacuation, 
the use of high - vacuum pumps m lamp 
manufacture is rendered unnecessary. Even 
if the pump leaves residual gas at a pressure 
of 0*1 mm. m the lamp, almost all this gas will 
be removed in the first few seconds of “ burn- 
ing,” and the pressure reduced to loss than 
0 001 mm. No mercury-pumps are now used 
m lamp-making ; oil-pumps, usually of Class 
Ad, are sufficient. 

The same method has been applied to other 
commercial vacuum apparatus, e.g. rectifying 
valves of the old type without an incandescent 
cathode (43), and, more rarely, to the modern 
thermionic type. a. e. c. 
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Air - pumps, Efficiency of. See “ Air- 
pumps,” § (5) 

Airscrews — used as Pumps. See “ Air- 
pumps,” § (35). 

4ir Thermometer. See “ Ther m o dynam ics, ” 

§ G) 

Air Vessel Method of Level Indication. 
See u JMoters, Liquid Level Indicators,” 
§ (15), VuL III. 

Aluminium, Atomic Heat oi^, at Low 
Temperatures : Nernst’s values for, 
tabulated. See “ Calorimetry, Electrical 
Metliods oi,” § (11), Table VI. 

A Lund dm Tlie trade name for a tubing com- 
posed of fused alumina (Al 2 O a ) with a bind- 
ing of fireclay and used as a protecting sheath 
for a thermoelement at temperatures up to 
1550° C See “ Thermocouples,” § (4) (m.). 

A maq at : Investigations on the Expansion 
of Fluids under Hiari Pressures. See 
“ Thermal Expansion,” § (18) (ni. ). 

Ammonia, Latent Heat of Vaporisation 
of: computed, by various writers, for 
different temperatures, and tabulated. See 
“ Latent Heat,” § (7), Table V. 

Ammonia - absorption Refrigerating 
Machines. See “ Refrigeration,” § (5), 
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Ammonia Compression Refrigerator. g ee 
“ Refrigeration,” § (2). 

Andrews: Investigations on the Expansion 
of Fluids, in particular Carbon Dioxide 
under High Pressures. See tw Thermal 
Expansion,” § (18) (n ) 

Anilin, Specific Heat of, determined by 
Prof. E H. G rilliths by the electrical 
method. See “ Calorimetry, Electneal 
Methods of,” § (5). 

Appold Brake. See “ Dynamometers,” § (2) 

(u ). 

Arches. See “ Structures, Strength of,” § (27) 

Archimedean Screw. See “ Hydraulics ” 
§ (33). 

Archimedes’ Principle. The resultant of 
the pressures acting on a body immersed 
m a fluid is equal to the weight of fluid 
displaced and acts upwards through the 
centio of gravity of that fluid. 

Atomic Heat, Variation of, with Tempera- 
ture. Seo “ Calorimetry, the Quantum 
Theory,” § (43). 

Autographic Recording Apparatus : For 
use in Strength Tests of Materials. See 
“ Elastic Constants, Determination of.” 
Buckton Wicksteed Patent Spring Balanced 
Recorder. § (Gl) (n.) 

Dalby’s Optical Recorder. § (Gl) (v.). 
General Methods adopted for Design of. 
§(< r >9). 

Kennedy- Ashcroft Recorder. § (Gl) (iv.) 
Moore’s Recorder. § (Gl) (m.). 

Riohle Autographic and Automatic Appara- 
tus. § (GO). 

Automobile Engine, The Vatjxiiall. See 
“Petrol Engine, Tlie Water-cooled,” § (G) 
(ii.). 

Avogadro’s Law. At any one temperature 
and pressure, equal volumes of different 
gases contain the same number of molecules. 
While exact for “ perfect ” gases only, it is 
approximately true of real gases. Seo 
“ Thermodynamics,” § (GG). 
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Bailey Steam Meter. See “ Meters for 
Measurement of Steam,” $ (20), Vol. III. 
Balancing. Seo “ Engines and Prime Movers, 
Balancing of.” 

Balancing of Driving Wheels of Locomotive. 

§ (2) (i ). 

Balancing of Four-cylinder Engines : In- 
clusion of Valve-gear. § (10) (i ). 

Balancing of Frame Forces. § (2). 

Balancing of Internal Combustion Engines. 

§ (13). 

Balancing of Locomotives. § (12). 

Balancing in Practical Case, § (4). 


Balancing for Primary and Secondary Forces 
and Couples. § (10). 

Balancing of Reciprocating Masses. § (10). 
Balancing of a Rotor. § (8). 

Balancing of Yarrow Schlick Tweedy 
Engine. § (11). 

Centrifugal Couple. § (3). 

Couple Closure § (5). 

Dalby’s Method. § (5). 

Deductions from Force and Couple Polygons. 

§ ( 7 ). 

Force Closure. § (6). 

Four Masses on Four Arms along a Shaft. 
§ (7) (b) and (c). 
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Motion of Connecting Rod. § (2) (m.). 
Motion of Maas m a Circle at Uniform 
Speed. § (2) (i.). 

Motion of Mass m a Straight Line at Varying 
Speed — Bennett’s Construction. § (2) (n ). 
Primary Balancing. § (10) (i.). 

Salter’s Methodof treating this Problem. §(8). 
Secondary Balancing. § (10) (ii). 

Special Construction for balancing of Pour 
Masses. § (9). 


The equation M = 


couple closure 
dRio 2 


§( 5 ). 


. force closure „ # 

The equation M= — . § (6). 

Three Cranks at 120° cannot be designed so 
that Masses mutually balance. § (7) (a). 


Ball-bearings : Steps in the Evolution 
op the Modern Ball - bearing. See 
44 Fiiction,” § (38). 

Barnes’ Table oe Specific Heats of Water 
at various Temperatures. See 44 Mechan- 
ical Equivalent of Heat,” § (7). 

Bartoli and Stracciati’s Determination 
of Specific Heat of Water at various 
Temperatures. See 44 Mechanical Equiva- 
lent of Heat,” § (7). 

Barus, 1889, compared gas-thermometers 
with socondary standards of temperature 
in the range 500° to 1600° and leeogmsed 
the importance of a uniform temperature 
distribution about the gas - thermometer 
bulb for purposes of high - temperature 
measurement. He introduced the thermo- 
element m the role of intermediary between 
the gas-thermometer bulb and the tempera- 
ture to be measured. See 44 Temperature, 
Realisation of Absolute Scale of,” § (39) 
(viii.). 

Beams, Bending of : Macaulay’s Method 
for several Loads. See 14 Structures, 
Strength of,” § (10) 

Beams : Relation between Load, Shear, 
Bending Moment, Slope, and Deflec- 
tion. See 44 Structures, Strength of,” § (12). 

Beau de Rochas : Cycle. See 44 Engines, 
Thermodynamics of Internal Combustion,” 
§§ (34) and (51). 

Beaufoy’s Experiments. Sec 44 Ship Resist- 
ance and Propulsion,” § (3). 

Becquerel, 1863, compared gas-thermometers 
with secondary standards of temperature 
in the range 500° to 1600°. See 44 Tempera- 
ture, Realisation of Absolute Scale of,” 
§ (39) (iv.). 

Bell - Coleman Refrigerating Machine. 
Used for cold stores and the holds of ships. 
Air is the working substance used. See 
44 Refrigeration,” § (4). 

Bend Tests : 

Alternating Bend Test beyond the Yield- 
Point. See 44 Elastic Constants, Deter- 
mination of,” § (78). 


Description of the various kinds of Bend 
Tests for Metals See ibid. § (29). 

Forms of Specimen and Methods ol Testing. 
See ibid. § (31). 

Bending of Members of a Structure. See 
44 Structures, Strength of,” § (6). 

Benzene, Latent Heat of Evaporation of, 
determined by Griffiths and Marshall See 
44 Latent Heat,” § (10) 

Bernoulli’s Theorem. Along any stream 
line m a liquid subject only to gravity 
p +gpz + lpv 2 = constant, 
p being the pressure at a point at a depth 
2 below the plane of reference, p the density, 
and v the velocity. 

Bjerrum’s Calculations from Volumetric 
Heat Figures See 44 Gases, Specific Heat 
of, at High Temperatures,” § (5). 

Black Body, invented by Wien and Lummer 
for the investigation of the laws of radiation 
from a uniformly heated enclosure • descrip- 
tion of modern form of See 44 Radiation, 
Determination of the Constants, etc.” 1. § (2) 
(i.), Vol. IV. 

Blade-width Ratio for a Screw-propeller 
is the fraction 

Maximum width of blade along its surface 
Radius of propeller 

See 44 Ship Resistance and Propulsion,” 

8 («). 

Blading in Steam-turbines, Form and 
Efficiency of. See 44 Turbine, Develop- 
ment of the Steam,” § (3) ; 44 Steam- 
turbine, Physics of,” § (6). 

Blowers, Theory of. See 44 Air-pumps,” 

§ ( 1 ). 

BOMB CALORIMETERS 

§ (1) Introduction — The laboratory method 
of determining the calorific value of a fuel is 
to bum a known weight of a carefully dried 
sample in a vessel containing oxygen. From 
the temperature rise of the water m the calori- 
meter the heating value of the «fuel is com- 
puted, taking into account certain corrections 
which are described later. Although the 
calorific value does not give all the informa- 
tion desired concerning a particular fuel, or 
determine its suitability for a specified purpose, 
yet it is generally accepted that the heating 
value is the most important property to bo 
considered m estimating the value of fuel. 
Purchasers of large quantities of coal now 
adopt the heat-unit basis of evaluation, and 
the technique of combustion calorimetry has 
been so well developed that a skilled operator 
can average thirty-five determinations per day. 

Two types of apparatus are employed for 
such tests. In one the fuel sample is burned 
under normal atmospheric pressure in a calori- 
meter of the 44 submerged bell ” type, 1 whilst 

1 See “Coal Calorimeter.” 



BOMB CALORIMETERS 


27 ^ 


in the other the fuel is burned under high 
pressure m a “ bomb ” type of calorimeter. 
Some authorities ]>refer the “ bell ” type to 
the “ bomb ” because m it the combustion is 
carried out in oxygen at nearly atmospheric 
pressure and, consequently, the conditions 
resemble those obtained in steam boiler 
practice. With a “ bomb ” calorimeter the 
combustion is almost instantaneous and 
resembles an explosion in its violence and 
rapidity. 

The decomposition products of coal vary 
somewhat, and it is generally found that the 
results obtained with tlio bomb calorimeter 
are slightly higher than those with the “ bell.” 
For scientific work, however, the bomb type 
is universally used, since under good work- 
ing conditions the combustion obtained is 
practically complete In skilled hands either 
method gives reliable and 
concordant results for solid 
fuels, but the ,4 bomb ” is 
the only method applicable 
to liquid fuels. 

§ (2) I) INSCRIPTION OF A 
Bomb Calorimeter Out- 
fit. — The calorimetric out- 
fit consists of the following 
elemonts : 

(i.) The bomb. 

(ii.) The calorimeter 
vessel, stirror, and 
constant tempera- 
ture jacket. 

(iii.) Tlio temperature 
measuring instrument. 

( 1 .) The Bomb.-— hi one 
of the oldest forms of 
apparatus — the Mahlor- 
Donkrn — the bomb consists of a massive 
gun-metal cylinder provided with a cover held 
down by three studs. The cover is pro- 
vided with a milled - head screw valve for 
regulating ihe inlet of oxygon to the cavity 
inside the bomb. The joint between the 
bomb proper and its cover is effected by 
means of a lead washer inserted in a cireular 
groove. The inside of the cover has a pro- 
jecting ring which registers with this groove 
when it is screwed down. The bomb is 
plated inside with gold in order to withstand 
the corrosive action of the nitric and sulphuric 
acids produced by the combustion of the 
fuel. The most satisfactory form of lining 
is that of platinum, but nowadays it is not 
much used on the score of expense. Porcelain 
enamel is also sometimes used for lining the 
bomb. 

The Kroeker typo of bomb has a cover 
screwed on to the bomb (soo Fig. 1). The 
bomb is made of steel and has a fixed platinum 
lining, while the cover is of bronze. 


Parr 1 has recently designed a bomb of an 
acid - proof base - metal alloy which appears 
very promising. 

Some investigators employ a replaceable 
lining, but in practice it is found difficult 
to maintain a 
perfect fit and, 
consequently, 
difficulties arise 
owing to leak- 
age of the pro- 
ducts of com- 
bustion into 
the space be- 
hind the lining 
where it cor- 
rodes the metal 
of the body of 
the bomb. 

The staff 2 
of the U.S. 

Bure a u o f 
Minos have de- 
veloped a form 
of bomb (see 
Figs. 2 and ,*}) in which the lid is held m position 
by a novel form of scaling device. This con- 
sists of a tough steel receiving nut and lock 
so constructed that loss than a one-eighth turn 
with the wrench suffices for scaling. A circular 
gasket of electrician’s solder effects tlio seal. 
This locking device is 
an adaptation of the 
principle used in the 
brooch locks of artillery. 

They claim for this de- 
sign durability, am phi 
strength, and facility 
o f m a nipulati o n. 

Further, when the lock 
wears out a now one 
can bo substituted 
without the expense of 
making and gold-plating 
a new shell. Tlio shell 
of the bomb is made of 
Monel metal which is 
woll adapted to gold 
plating. 

Fory lias devised a 
bomb calorimeter in 
winch the heat devel- 
oped is shown on an indicator. ftJcc article 
on c< Calorimetry, Method of Mixtures,” 

§ (13) (ii.), “Metallic Block Calorimeters.” 

(ii.) The Calorimeter , Htirrer , and Constant 

1 “An Acid-resisting Alloy to replace Platinum 
In tlio Construction of a Bomb Calorimeter," Journ. 
Am. Chem. Sac., Nov. 1015, xxxvii. 2515-2522 A 
tost of the above by It. H. Jesse, Jr., MujhLh Jut. Conn. 
Appl. Chem., 1912, i. 283. 380. 

a “A Convenient Multiple -unit Calorimeter In- 
stallation," by J. I). Davis and E. L. Wallace, Bureau 
of Mines Technical 'Paper, 01, 48 pp , Washington, 
1018. Abstract in Engineering, Jan. 10, 1010, 
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-Fumperature Jacket . — In the outfits employed 
* u this country the calorimeter, stirrer, and 
jacket are similar to those employed in 
apparatus for ordinary calorimetric experi- 
ments by the Method of Mixtures (see 

§ (4)). 

At the U.S Bureau of Mines 1 a form 
°f apparatus has been developed which is 
especially adapted for combustion calorimetry 
(see Fig. 4). 

The calorimeter is made of heavy sheet 
brass reinforced at the top and middle by 



Details ot Calorimeter * A, vertical section ; B, hori- 
zontal section tin oughaft showing tubular stirrerwell; 
O, shalt clutch; D, horizontal section through de 
Mho whig lid bracket. 

brass bands (see A). A tubular stirrer well 
is soldered to the calorimeter as shown in B. 
An electrode is fastened to the bottom of the 
calorimeter, hut insulated from it, which 
makes contact with the bomb plug when this 
is placed in position. 

The calorimeter is supported in its jacket 
on throe ivory studs. The jacket is a cylin- 
drical vessel provided with a cover of brass 
ground to a water-tight lit. This cover is 
provided with a thin sheet-brass water seal 
(sec Fig. 4) fixed to the cover proper by means 
of three thin insulating rods of ivory in such 
a manner that when the calorimeter is m place 
and the cover brought down snugly the water 
seal is in contact with the surface of the water 
in the calorimeter, thus serving as an effectual 
1 Davis and Wallace, loc . at. 


seal against evaporation into the space between 
the calorimeter and its jacket 

Soldered to the jacket are two heavy brass 
lugs, by which it is held to the vertical brass 
T-bar of the frame in such a manner as to per- 
mit the jacket to slide vcitieallv. The jacket 
is supported by a heavy helical brass spring 
bearing against the bottom of the tank, and 
of such strength that the jacket when charged 
is held vertical with its top slightly above the 
surface of the tank water against an adjust- 
able stop fixed to the T-bar. 

The stirier shaft arrangement is also shown 
m Fig. 4. The upper part of the shaft on 
which the dtiving wheel is mounted consists 
of a thick-walled brass tube, into which the 
lower part of the shaft telescopes, the latter 
being provided with a conical piece (C) screwed 
to the end which engages a receiver at the 
lower end of the shaft tube after the manner 
of a conical friction clutch when the whole 
calorimeter is lowered into place. The lower 
bearing of the stirrer shaft is carried by the 
lid bracket (D), which is held to the vertical 
T-bar of the frame by a clamp which permits 
of raising and lowering the lid and clamping 
in any desired position. 

The calorimeter cover has tubular outlets 
(not shown in Fig 4) for the thermometer, 
the stirrer shaft, and electrical leads, so that 
the jacket and its cover may be totally 
immersed in the tank water during an experi- 
ment. 

In the equipment of the Bureau six such 
outfits are mounted in one thermostatically 
controlled constant temperature bath. 

(iii.) The Temperature Measuring Instru- 
ment . — With the majoiiby of bomb calorimeter 
outfits mercury thermometers are employed 
for the measurement of the temperature rise 
of the water. Such instruments have the 
advantages of simplicity, cheapness, and 
moderate accuracy. They have the dis- 
advantages of considerable lag and lack the 
sensibility required for work of Jsho highest 
precision. The mercury thermometer, more- 
over, possesses the serious drawback that ihe 
mercury often sticks in the bore, particularly 
with a falling meniscus. This trouble can 
be somewhat alleviated by tapping the stem, 
and some observers utilise a miniature electric 
buzzer for this purpose. 

The thermometer should preferably be a 
solid stem type with its scale divided to *02° 0., 
and the scale divisions should extend down 
to the bulb to avoid uncertainty as to the 
magnitude of the emergent column. 

For work of the highest precision a calori- 
metric resistance thermometer is really 
essential, and a description of suitable in- 
struments for the purpose will be found m 
the article on “Resistance Thermometers/’ 

§ (6 (h)). 
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§ (3) Methods op conduct] no a Test, 
(l ) Calibration of the Apparatus. — It is neces- 
sary to determine the heat capacity of the 
bomb and its fittings by experiment, smee it 
is rarely possible to calculate this constant 
from the specific heat of the materials em- 
ployed in its construction. There are two 
standard methods of effecting this calibration : 
(<i) By an electrical method based on the 
input into the calorimetric system of a known 
amount of heat measured as electrical energy. 
(b) By burning substances of known heating 
value. 

(a) The elcctnc.il method is capable of 
considerable accuracy, since electrical energy 
can bo measured with high precision. In 
practice, however, the method suffers under 
the disadvantage that it involves elaborate 
equipment and is time-consuming. Further, 
it is by no means easy to reproduce with it the 
same conditions as prevail during a combus- 
tion test. The electrical method is generally 
adopted in standardising laboratories, but 
for the purpose of a works laboratory the 
second method is to bo preferred. 

(b) To calibrate a calorimeter by moans of 
standard substances, such as naphthalene or 
benzoic acid, it is advisable to make about 
half-a-dozen combustions, sufficient amounts 
of the standard being used to produce about 
the average temperature rise obtained in tests 
with coal. This method, besides being simple 
and easy of application, tends to minim iso 
errors such as those duo to thermometer 
calibration, cooling correction, heat input 
from stirring, etc. Dickinson 1 has recently 
iedotermmed the heat combustions of the 
following substances : naphthalene, benzoic 
acid, and sucrose or cano sugar, with a 
view to their adoption as standards in 
calibration work. II is results arc summarised 
m Table I. together with those of previous 
observers. 

It appears from a comparison of the values 
given by different observers for the same sub- 
stance that ^benzoic acid is tho most suitable 
in view of tho close agreement of the results 
obtained. 

Dickinson found naphthalene to ho a convenient 
material to work with, but care was necessary in 
handling since a gram briquette would lose about 
1 milligram m weight per hour by sublimation. 
Sucrose did not seem so well adapted as benzoic 
acid for standardisation purposes It has a 
smaller heat of combustion and frequently fails to 
ignite. 

Dickinson suggests that the higher results given 
by other observers for sucrose may be duo to tho fact 
that they may not have corrected for tho heat 
generated in the tiring wire before the sample ignites. 
With sucrose a greater length of fuse wire has to be 

1 ‘ ‘ Combustion Calorimetry, ” Bull. Bur. Stds. , 1 915, 
xi. 253. 


used than with other materials on Recount of its 
lower intlammability 

Iron wire is frequently employed because it. burns 
instead of only melting, and is tlieiefore more certain 
to ignite the sample. The heat of formation of 
iron oxide is about 1600 calories per gram oi iron. 
The sucrose specimens required about 3 cm. of wire 
weighing 132 mg. per metre Tlenee the correction 
for the heat liberated m its combustion amounted 
to about 2 calories per centimetre. .Naphthalene 
ignited readily with 1 cm. of wire. 

Ife also corrected foi the small amount of nitric 
acid formed from tho nitrogen contamedin the oxygen. 
Tho amount is nearly propoitional to tho heat 
liberated in the combustion and to tho percentage 
of nitrogen present, and was determined by titration 
after each combustion. The heat of formation of 
HN0 3 from N-{-0-t-lI a 0 is about 230 calories per 
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gram of acid As the oxygon employed contained 
Irom 0*3 to 0*5 per cent of nitrogen, the correction 
to be applied for this heat of formation of JfNO a was 
usually about 1 part in 1000. 

§ (4) Preparation oe the Test RampeenA 
(i.) Holul Fuels . — It is necessary to convert 
the coal into a small briquette or tabloid for 
tho purposes of tost. If the attempt is made 
to employ the sample in powder form tho force 
of tho explosion usually blows some of it 
against the internal walls of tho bomb and it 
escapes combustion. 

Bituminous fuels as a rule will form briquettes 
by pressure alone. In cases where insufficient 
tarry matter is present in tho natural fuel, 
just sufficient of a 1 per cent solution of gum 
arabic may bo used to make the particles of 
fuel adhesive. For half a gram of fuel, three 
drops of such solution are enough. Tho 


, 1 The Time# Engineering Hxvnplmmt. Feb, 23 1917. 

id 
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briquettes must be heated in an air bath to 
110° C. for at least four hours to expel the 
last traces of moisture thus introduced before 
testing m the calorimeter. 

(ii.) Liquid Fuels — In weighing and trans- 
ferring the liquid fuel to the bomb, carriers 
consisting of small cylindrical blocks of pure 
cellulose are used, one of these blocks being 
able to absorb several times its own weight 
of any ordinary fuel oil. The saturated block, 
after being weighed, is burned under the 
conditions and with all the precautions neces- 
sary for solid fuel, the only difference being 
that a rather higher pressure is used, in order 
to obtain a greater supply of oxygen gas in 
the bomb. A blank test with the cellulose 
alone gives the necessary data for the calcula- 
tions. As liquid fuels contain only traces of 
acid-forming elements no trouble arises from 
corrosion, and a bomb piovided with a gold 
lining will last for some hundreds of tests. 

As regards the special precautions necessary 
to obtain correct results when testing liquid 
fuels, it must be pointed out that the absorbent 
cellulose blocks sold for this puipose absorb 
moisture as well as oil, and that it is necessary 
to dry them before use for one or two hours 
in the air-bath at 100° C. When saturated 
with heavy oils of high boiling-point they are 
also somewhat difficult to ignite, and it is 
advisable to place a little of the dry un- 
saturated cellulose m a loose condition around 
the platinum ignition wire in order to avoid 
failure of the test fiom this cause. As the 
cellulose blocks are large in proportion to their 
weight and absorbent capacity, a larger 
platinum dish will be required than for the 
tests with solid fuel, and the platinum ignition 
wire should be arranged to hold down the 
cellulose block lest the explosive violence of 
the combustion blows it out of the dish. 

§ (5) Quantity of Oxygen keqgired. — 
The quantity of oxygen required is about 
three times that which will unite with the 
charge to give complete combustion. Dickin- 
son found that, when the amount of oxygen 
was much less than two and a half times that 
required to unite with the combustible charge, 
there were often cases of incomplete combustion 
as indicated by a reduction in the total heat 
liberated, as well as by the occasional presence 
of a slight amount of soot and by the odour 
of the products of combustion. 

Since the usual pressure employed in routine 
tests is 20 to 27 atmospheres, or 300 lb. to 
400 lb., it is advisable to have a small back- 
pressure valve inserted in the milled - head 
screw in the bomb cover m order to avoid 
a great loss of gas when disconnecting the 
oxygen supply pipe and gauge from the bomb, 
after filling the latter with oxygen. At these 
high pressures the combustion of the coal 
is practically instantaneous, and the thin 


platinum wue used for ignition purposes will 
generally be found fused owing to the tempera- 
ture momentarily attained. In order to pro- 
tect the platinum capsule or crucible from the 
same effect, and from the action of the molten 
slag produced, it is necessary to line it with 
thin asbestos board, cut and shaped to fit the 
crucible or capsule. This asbestos boaid must 
be dried and ignited before use in order to 
remove all matter that might vitiate the 
results. 

§ (6) Calorimetry by Combustion witii 
Sodium Peroxide. — Fusion with sodium 
peroxide is the only way known for finding 
the heat of oxidation of elements which do 
not burn in oxygen and which form oxides 
insoluble m acids. The method is adapted 
to the determination of the heat formation 
of the oxides of a metal and also the heat 
combination of metallic oxides with sodium 
oxide. 

The method is indirect and the heat effect 
sought is not the observed effect ; hence 
burning in compressed oxygen is preferable 
where possible. For example, when carbon 
is burned with sodium peroxide the observed 
heat (x) is the result of the following reaction : 

2FTa 2 0 2 + C = Na 2 C0 3 + Na 2 0, 
and x equals the heat of formation of carbon 
dioxide plus the heat of combination of carbon 
dioxide with sodium oxide, and less the heat 
required to separate two atoms of oxygon 
from two molecules of sodium peroxide ; thus 

z = C + 20 + (Na a O + C0 2 ) - (2Na 2 0 + 20), 
so that 

C + 20 = x - (Na 2 0 + C0 2 ) + (2Na 3 0 + 20). 

Moreover, many substances do not give with 
sodium peroxide sufficient heat to fuse tho 
mixture, and hence some readily combustible 
substance, such as sulphur or carbon, must 
be added which gives in many cases the larger 
part of the total heat effect. Professor Mixter 1 
of Yale University, who has made an extensive 
study of this method, gives the follifwing results 
obtained by fusion with sodium peroxide for 
comparison with those by combustion in 
oxygen. They are : 


Reaction. 

Sodium 

Peroxide 

Method 

§ a 

■ffl So 

fsa 

o - 

Refoi once 

C+20=C0 2 

96 4 

94 7 

Amer. Jaurn. Science, 
xxxx. ISO, also xix. 
434 

Ti+20 = Ti0 2 

215 6 

218 4 

Ibid. xxvu. 343 

3Fe+40=Pe 3 0 4 

267 5 

2G5 2 

Ibid xxxvi. 55 


Both values for C + 20 are for acetylene 
carbon. One reason for the higher value 
1 American Journal of Science, 1917, xlm. 27. 
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found iu the sodium peroxide method is that 
the carbon and peroxide were mixed m a 
mortar, thus allowing the peroxide to absorb 
a little moisture which added to the lieat of 
the fusion. The value 2(57 5 for 3Fo + 40 is 
derived from the results of fusions of iron, 
ferrous oxide, feme oxide, and the mineral 
magnetite with sodium peroxide, and 205*2 
was the result of burning iron in oxygen. 

Sodium peroxide absorbs water rapidly from 
the air, consequently it should be exposed 
as little as possible, as the hydiatcd peroxide 
will give more heat with a combustible than 
the anhydrous. One of two samples, that 
which gives off the less oxygen when fused, is 
the better one. The error from the water 
content is small in good peroxide. Its effect is 
further diminished when carbon, for example, 
is added to make a mixture fuse, because in 
practice the heat effect of the carbon is 
found for the carbon and peroxide actually 
used. 

Various substances may bo added to a per- 
oxide mixture to increase the temperature of 
the fusion. Mixter has used acetylene car bon, 
sulphur, and lamp-black. I hue rhombohedral 
sulphur in line powder would appear to bo the 
best of the three, but it becomes electrified 
when shaken m the bomb with the other 
ingredients and sometimes sticks to the bomb 
and is not completely oxidised. Sulphide 
is formed, and occasionally free sulphur is 
left. When the bomb is much blackened by a 
fusion with sulphur the heat result is low. 
Acetylene carbon is the ideal substance to use, 
but difficult to obtain. 

One part of the carbon requires 13 parts of 
pure sodium peioxido for combustion, and it 
is best to take about 20 parts in determining 
the heat effect of the carbon or lamp-black. 
Bor the combustion of sulphur double the 
calculated amount of peroxide should bo used. 
Oxygen is often evolved in a combustion from 
the action of an acidic oxide on the sodium 
peroxide, and the heat required to set it free 
from the peroxide is added to the observed 
heat. This correction, 1*73 g.-eal. for 1 e.e. 
of oxygen at 0° and 7(50 mm., is derived from 
Bekctoffs Na 2 + 0 = 100*26 Gal. and do For- 
crand’s Na 2 + 20 = 1 19*8 Gal. 

Apparatus employed for the, Tests. The 
bomb is made of sterling silver whilst the top 
and fittings are of brass. 

The mixture under test is contained in a 
cup of fino silver supported m the bomb by 
its upper edge. A fusion in the cup cools 
more slowly than when in contact w-ith the 
cold bomb, and hence the reaction is more 
complete. 

The general arrangement of the apparatus 
is identical with that employed in fuel calori- 
metry with the addition of bulbs for collecting 
any oxygen sot free by fusion. u. a. 
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Bourdon Ga wires, Galt bratton, Adjustment, 

AND CORRFOTION FOR TTQMPMRATURM OF. 
Boo “ Pressure, Measurement of,” § (U). 
Boylk’s Daw on the variation of pressure with 
volume for a constant mass of gas states that 
pv = constant (at constant temperature). 
See “Thermal Expansion,” § (14) (n.) ; 
“ Thermodynamics,” §§ (5), ’ (59), ((5(5) ; 
“ Engines, Thermodynamics of Internal 
Combustion,” § (13). 

1 Tbe above references have been selected from a 
more extensive list quoted by Dickinson. 
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Brake Blocks • Frictional Resistance op 
Brake Blocks. See “ Friction,” § (35). 

Bkayton Type op Internal Combustion 
Engine. See “ Engines, Thermodynamics 
of Internal Combustion,” §§ (20) and (52). 

Breast - wheel. See “ Hydraulics,” III. 
§ (47) (i.) 

Bridge, Strength op : Example op Estima- 
tion op. See “ Structures, Strength of,” 
§ (26). 


British Thermal Untt (B.TU.). The quan- 
tity of heat required to raise the temperature 
of I lb. of water 1° Fahr. See “Heat, Con- 
duction of,” § (2) ; “Thermodynamics,” § (2). 
B.T.II. Steam Meter. Sec “ Meters for 
Measurement of Steam,” § (18), Voi III. 
Bulging, Drifting, Flanging, and Flatten- 
ing Tests for Copper and Brass Tube. 
See “ Elastic Constants, Determination of,” 

§ (33). 


C 


Cadmium, Specific Heat of, at various 
Temperatures , tabulated, with the atomic 
heat. See “ Calorimetry, Electrical Methods 
of,” § (10), Table V. 

Calibr ytxon Corrections necessary in the 
Graduation op the Capillary Tube of 
a Thermometer See “ Thermometry,” 

5 ( 3 ) (a). 

C allend ar, maker in 1887 of a platinum 
resistance thermomctei, the resistance of 
a particular specimen of platinum wire 
being directly detci mined at various tem- 
peratures up to 600° 0. See “ Resistance 
Thermometers,” § (2)» 

Oallendar’s Equ-ytion, applied to the 
expansion of steam ; and Tables. 

RT 

v-b=~ -c, 

where c=-c 0 T 0 n /T n . See “ Thermal Expan- 
sion,” § (24) ; “ Thermodynamics,” § (61) , 
“ Steam -engine, Theory of,” § (9). 
Oallendar and Barnes’ Method of deter- 
mining Mechanical Equivalent of Heat. 
Sec “ Mechanical Equivalent of Heat,” 

S (< r >) (ill.)- 

Oallendar and Nicolson. Paper on ex- 
changes of heat between steam and cylinder 
wall (Mm. Pioc. Inst. G.E. , 1897, cxxxi.). 
See “ Steam -engine. Theory of,” § (10) 
Oallendar and Swann. Determination, by 
the continuous flow method, of the specific 
heats of air and carbon dioxide at atmo- 
spheric pressure at 20° C. and 100° G. See 
“ Calorimetry, Electrical Methods of,” § (13). 
Caloric Theory, Rumford’s Attack on. 

See “ Mechanical Equivalent of Heat,” § (1). 
Calorific Values of Fuels. See “ Engines, 
Thermodynamics of Internal Combustion,” 
§ (68), Tables II., III., IV., and V. 
Calorimeter : 

An apparatus for the measurement of heat 
Used m experiments by the method of 
mixtures, in which the substances under 
investigation are mixed. See “ Calori- 
metry, Method of Mixtures,” § (5) (i.). 
Bunsen’s Ice : an instrument m which the 
heat given out by a body in cooling from 
some higher temperature to 0° 0. is ob- 


tained by observing the contraction which 
takes place in the change from ice to water 
produced by the heat given by the body. 
The observed volume change is converted 
into calories by assuming a value for the 
mass of mercury drawn into the instru- 
ment by the addition of one mean calorie 
of heat. See “ Calorimetric Methods 
based on the Change of State,” § (2). 

Bunsen’s Ice, Modifications of. See ibid. § (3) 

Coal. See “ Coal Calorimeter.” 

Constant of Bunsen’s Ice • the mass of 
mercury drawn into the instrument by tho 
addition of one mean calorie of heat • 
values summarised and tabulated See 
“ Calorimetric Methods based on tho 
Change of State,” § (2), Table I. 

Dewar’s Liquid Air and Hydrogen : a 
calorimeter based on an analogous prin- 
ciple to the steam calorimeter m which 
one of the liquefied gases is employed as 
calorimetric substance. See ibid. § (0). 

Differential Steam, for the determination 
of specific beats of gases at constant 
volume. See ibid. § (5). 

Gas. See Gas Calorimeter.” 

Joly’s Steam : an instrument in which tho 
heat necessary to raise the temperature 
of a body from the air temperature to 
100° is measured by determining tho 
weight of steam which must J^c condensed 
into water at 100° to supply this heat. 
Sec “ Calorimetric Methods based on tho 
Change of State,” § (4). 

Liquid Hydrogen. See ibid. § (8). 

Liquid Oxygen. See ibid. § (7). 

Metallic Block Types of. See “ Calorimetry, 
Method of Mixtures,” § (13). 

CALORIMETRY 

Calorimetry is concerned with the measure- 
ment of energy in the form of heat. It 
constitutes one of the most difficult branches 
of exact measurements owing to the fact that 
a perfect non-conductor of heat does not exist. 

The common method of measuring quantities 
of heat is by utilising the different effects of 
heat on materials such as the change of 
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temperature or the change of state, but in 
recent years another method has come into 
extensive use, known as the Electrical Method 
In this a clelimte and easily measurable amount, 
of electrical energy is converted into heat, and 
the resulting change of temperature or state 
observed. The electrical method has many ad- 
vantages when measurements of the highest pre- 
cision have to bo made on account of the facility 
with which the heat supply can be controlled 

In the brief review given in the follow- 
ing pages the appliances employed in heat 
measurements w ill he described, and then tho 
theories which have been advanced to correlate 
the thermal data with other physical constants. 

CALORIMETRY, ELECTRICAL 
METHODS OF 

§ (1) General. — T he electrical method of 
calorimetry was first employed by Joule with 
a view to the determination of tho mechanical 
equivalent of heat (J). Subsequent work by 
Professors E. H. Griffiths, Schuster, Gannon, 
Callendar, and Barnes showed that tho method 
was one capable of the highest precision for tho 
determination of J. The article on tho deter- 
mination of the mechanical equivalent 1 of 
heat should bo consulted for details of tho 
method as applied to the determination of 
heat capacity of water and its variation with 
temperature. 

In passing it might bo mentioned that the calibra- 
tion of bomb calorimeters is frequently carried out 
by electrical methods m which an equivalent amount 
of heat to that obtained in eomlmsiion is generated 
m the bomb and ils amount measured by observations 
of tho watts dissipated, the proeeduie being identical 
with that followed m methods for determining J. 

In specific beat determinations tho groat 
convenience possessed by the electrical method 
lies in tho fact that it permits of the deter- 
mination of true specific heats, i,6. tho specific 
heat over a very narrow range of temperature, 
and consequently it Lias been, of immense 
service in determinations of the variation of 
atomic heats with temperature. 

§ (2) Srmiau Rkat op Liquids by Mlmo- 
trioal Mkthodh.—- It is obvious that any of 
tho appliances which have been devised for 
the evaluation of J are also applicable for tho 
determination of the specific heat of liquids, 
and further that they would give data of tho 
highest order of accuracy. There are, how- 
ever, certain difficulties m practice. 

Both Callendar and Griffiths applied their 
electrical methods for this purpose : tho former 
determined tho specific heat of mercury and the 
latter that of aniline. 

§ (3) Epkctfici H kat of Mercury. — Tho 
apparatus employed by Callendar, 2 Barnes, and 

1 Sen “ If oat, Mechanical Equivalent of.” 

2 Phi Trans. A, 1002 ; Thy 8. Jflev,, 1902, xv. 


Cooke for the determination of the specific 
heat of mercury is shown diagrammatieally m 
Fig. 1. The calorimeter diffeiu from that 
employed for the determination of J in that 
the flowing mercury is the conductor m which 
heat is generated electrically and not a line 
platinum wire stretched along the axis of the 
tube as m tho case of the J apparatus. A 
steady stream of mercury flows through the 
line capillary tube and is heated by a carefully 
controlled electric current The difference of 
temperature between the fallow and outflow 
is observed by means of a differential pair of 
platinum thermometers. The inflow and out- 
flow tubes AB and CD arc exactly similar, 
about 2 cm. internal diameter and 25 cm. 
long. They are connected by the fine flow 
tube BO of 1 mm. m bore and 1 metro m 
length, coiled up in tho form of a short spiral 
2*5 cm. m diameter. The inflow and out- 
flow tubes aro provided with two side tubes, 
one pair for convoying tho current, and the 
other pair for the mercury flow. 

A practical advantage possessed by tho continuous 
flow method is the fact that the heat loss from tho 
walls can be determined by making experiments 



Era. l. 

with different, rates of flow, but keeping tho rise of 
temperature constant 

(i.) Method ft of defer mining the, True Mean 
Temperature of Outflow. - By far the most 
important practical detail in this method is 
tho dovieo adopted for obtaining the true 
moan temperature of tho outflowing liquid. 
If a thermometer were merely inserted m the 
outflow tube, leaving a free space all round 
for tho circulation of tho liquid, it is evident 
that tho heated liquid would tend to flow m 
a stream along tho top of tho outflow tube, 
and that the thermometer might indicate a 
temperature which had little or no relation to 
tho mean temperature of tho stream, tt is 
easy to make an error of 20 per cent in this 
maimer. A fairly uniform distribution of tho 
flow might bo secured by making tho space 
between tho thermometer and the outflow 
tube very narrow. But this loads to another 
difficulty in the case of mercury. As the 
space is narrowed tho electrical resistance is 
increased, and an appreciable quantity of heat, 
which cannot, bo accurately estimated, is gener- 
ated in tho vicinity of the thermometers. 

Tho difficulty was overcome in the mercury 
experiments by fitting the inflow and outflow 
tubes with soft iron cylinders, 0 cm. long, 
turned to fit the tubes and bored to lit the 
thermometers. Tho soft iron had a oonduc- 
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tivity about ten times that of mercury for 
both heat and electricity. The heat generated 
by the current m the immediate vicinity of 
the thermometer bulbs was so small that 
the watts might fairly be calculated from the 
difference of potentixl between the iron blocks 
at the middle points of the bulbs. The 
mercury stream was forced to circulate in a 
spiral screw thread of suitable dimensions cut 
in the outer surface of the blocks, which 
prevented the formation of stream-lines along 
one side of the tube, and secured uniformity 
of temperature throughout the cross-section of 
the outflow tube. The high conductivity of 
the iron also assisted in securing the same 
result. 

A precisely analogous device for averaging the 
outflow temperature was applied m the water 
calorimeter. The bulb of the thermometer was 
fitted with a copper sleeve of high conductivity, on 
the outside of which a rubber spiral was wound to 
fit the outflow tube as closely as possible. The 
accuracy of fit was found to he much more important 
in the case of water than m the ease of mercury. 
The reason of this is that the theimal conductivity 
of water being 10 or 15 times less than that of mercury 
the acourate averaging of the outflow temperature 
is more dependent on the uniformity of the spiral 
circulation and the complete elimination of asym- 
metric stream-lines. 

In order to obtain a perfect fit for the 
sleeves with their spiral screws it was necessary 
that the boie of the outflow tube should be as 
nearly uniform as possible and accurately 
straight. It was most essential that there 
should be no constriction at the points of 
junction E and E with the vacuum- jacket, 
and that the external portions of the tubes 
AE, ED should not be of smaller bore than 
the portions inside the vacuum -jacket, though 
it 'would not matter much if they were a little 
larger. 

(ill) Correction for Variation of the Tempera- 
ture Gradient in the Flow Tube. — The elementary 
theory of the elimination of the heat loss m 
the steady-flow method of calorimetry assumes 
that, if the electric current and the flow of 
liquid be simultaneously varied in such a 
manner as to keep the rise of temperature the 
same, the heat loss by radiation, etc , will 
remain constant. The experimental results of 
Callendar and Barnes show that this condition 
is very closely satisfied in the method, and they 
calculated all the results of the investigation 
on this assumption. It was noticed, however, 
that there were small systematic divergences 
in the experimental verification for the small 
flows which, though amounting only to a few 
parts in 10,000, received careful examination 
as possible indications of constant errors 

So long as the distribution of temperature 
throughout the apparatus is accurately the 
same for the -same rise of temperature, what- 
ever the flow, the heat loss must also be 


identical. But if there is any h.yntemntie 
change m the temperature distribution with 
change of flow, then there must be a, corre- 
sponding systematic difference in tlu^ bent 
loss, which will lead to constant errors in the 
calculation if no account is taken ot it. A 
possible source of error of this type in loss ot 
heat by conduction along the outflow tube. 
When the flow is large, the heated liquid 
passing along the tube will keep it nearly at 
a uniform temperature, so that the gradient 
m the outflow tube will bo small and the 
conduction loss correspondingly minute. As 
the flow is diminished, supposing the tempera- 
ture of the outflow to remain the same, the 
gradient m the outflow-tube must increase in 
proportion to the reciprocal of the flow, since 
the radiation loss remains nearly the same. 
The conduction loss will vary du colly as the 
giadient, or inversely as the flow, for a given 
rise of temperature. 

A small error of this kind, duo to conduction, 
was detected at an early stage m the mercury 
calorimeter, owing to the large mass of mercury 
m the flow tube, the small rate of the flow, and 
the relatively high thermal conductivity of the 
liquid. It was practically eliminated by filling 
the greater part of the outflow tube from the 
end of the vacuum-jacket with paraffin wax, 
leavmg only a small passage for the outflow 
of mercury. This made the conduction loss 
very small, and nearly independent of the 
flow. 

§ (4) Variation of tiie Specific Heat of 
Mercury with Temperature. — The value of 
the specific heat of mercury in terms of water 
was calculated from the experimental data, 
taking the value of J equal to 4-1891 for a 
thermal unit at 15-5°, which was the tempera- 
ture recommended by Griffiths at the Paris 
Congress m 1900. 

The experimental results lead to the ex- 
pression 

S< = S 0 — 1-074 x 1 0- 5 « + -00385 x 10 “ 5 /A, 

Qt Q 

or ■ ° = - 0003210 + -00000 1 1. W*, 

b 0 

where So = -033458. 

Tins gives for the temperature coefficient at 
any temperature t the expression 

It (§0 = ~’ 00032]l + '000002300, 

and for the average change per degree at fi()° 
the value - -0000009. 

The data obtained in the experiments a, re 
summarised in Table I., p. 35. 

§ (5) Specific Heat of Aniline.— P rofessor 
E H. Griffiths 1 determined the specific heat 
of aniline over the range 15° to 50 n 0. by means 
of an apparatus similar in its essential features 


1 Phil. Mag., Jan. 1895 : 
1895, viii. part 4. 


Proc . Camb. Phil . Sue,, 
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Table I 


Specific He it of Mercury at Different 
Temperatures 


Mean 

Temporal uro 

Specific 

Heat 

Mean 

Temperature. 

Specific 

treat. 

2 85 

033435 

32 41 

033141 

2 93 

033440 

30-59 

•033121 

4 42 

033405 

45 00 

•033050 

18 37 

•033291 

53 39 

032997 

24 52 

033224 

(55 22 

032929 

31*98 

03315(5 

83 89 

•032818 

32 14 

033151 


i 


to that shown in Figs. 5 and 0 of the article 
“ Heat, Mechanical Equivalent of.” 

For experimental woik in c.ilonmelry aniline has 
vanouH points in its favour It has a low vapour 
pressure at ordinary tempciatures, is a good electrical 
msulatoi, and lias a low heat capacity 

On exposure to light it becomes discoloured, hut 
no information is available to show whether tins 
affects the thermal capacity. 

For the variation of tho specific hoat with 
temperature Griffiths obtained tho following 
equation : 

S 1 =0*5156d-(i-20) x *0004 |-(i-20) 9 x *000002. 

The agreement between this formula and 
the experimental results will bo seen from the 
table below : 

Table II 


Temperatui e. 

Sj Experimental. 

St FonmiL. 

15° 

5137 

•5137 

20 

5155 

515(5 

25 

5175 

•517(5 

30 

•5108 

•5198 

35 

5221 

•5221 

40 

5244 

•5244 

45 

•52(58 

*52(59 

50 

•5294 

•5294 

52 

5304 

•5305 


In the course^ of this work it w as observed 
that the volume heat, i.e. tho specific heat 
multiplied by tho density, was practically con- 
stant over the range of temperature investi- 
gated as shown by the following results : 


Table TH 


Temperature 

Specific 

Heat, 

S. 

Density, 

tl. 

S x d. 

15 

0 5137 

1 4)257 

•5209 

20 

0 515(5 

14)218 

•5209 

30 

0 5198 

14)130 

•5207 

40 

0 5244 

1 0040 

•5207 

50 

0-5294 

0 9955 

•5270 


§ (6) Specific Heat of Oils.— I n some ex- 
periments in which it was desired to determine 


the specific heat of oils over a wide range of 
temperature the apparatus shown below (Fig. 2) 
was employed by the writer. 



At room temperatures tho oils were ex- 
ceedingly viscous, and consequently it was 
necessary to employ somewhat unusual 
methods of ensuring that the contents wore 
well mixed. Tho heating coils were arranged 
m tho form of two Hat paddles so that 
they wore in continuous rotation through 
tho oil; suitably disposed baffles further 
assisted tho mixing of tho contents of tho 
calorimeter. It was necessary to lead tho 
current m and out of the calorimeter by 
means of two annular troughs of mercury 
into winch contact bars from tho heating 
coil dipped. 

§ (7) Speoifkj Heat of Liquids used for 
Rmfiuuekatorh. — Osborn 1 has developed an 
apparatus suitable for tho determination of 
specific heats and latent heats of the liquids 
commonly employed in refrigeration work, 
such as ammonia, (J() 2 , $O a , methyl-chloride, 
and ethyl - chloride. Such determinations 
present greater experimental difficulties ^han 
are met with in work on liquids at ordinary 
pressure, since those materials have a vapour 
pressure varying from 1 to 70 atmospheres 
at tho temperatures at which tho [thermal 
properties are of importance in engineering 
work. Consequently, in tho design of appa- 
ratus for experiments of this character great 
attention has to bo paid to details of con- 
struction. 

(i.) The Calorimeter . — Briefly tho arrango- 
1 Bull. Bur. & lids., 1917, xv. 133, 
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ment is as follows : The material to be investi- 
gated is enclosed in a calorimeter with thick 
metallic walls of known thermal capacity 
(Fig. 3). Heat is applied electrically and the 
jacket is maintained at the same tempeiature 
by the usual adiabatic arrangement. 

An air space between the polished nickel 
surfaces of calorimeter and jacket furnishes 
thermal insulation. Two tubes extend from 
the top of the calorimeter through the jacket 
and liquid to the outside air, terminating in 
valves. One of these tubes is intended for 
connection to pressure-indicating apparatus 
and the other for the introduction and removal 
of the material to be investigated. 

Care was taken to avoid having heavy metal 
connections across the air space and by suitably 



distributing those connections which arc necessary 
over the calorimeter surface, the part of the 
thermal leakage due to lead conduction was consider- 
ably minimised. Thermoelements indicate relative 
surface temperatures of the jacket calorimeter, 10 
junctions being distributed upon each surface. This 
permits of control over the thermal leakage and 
the correction for such leakage as could not be 
avoided. 

Thermojunctions placed upon the connecting tubes 
indicate the temperature of these tubes at several 
points relative to a point on the jacket and m this 
way the temperature of the vapour expelled during 
vaporisation experiments could he found 

The inside of the central tube in the calorimeter is 
accessible at the bottom for the introduction of the 
heating coil and thermometer. Upon the outside 
of this tube are fastened 12 radial vanes of tinned 


iron about 0 3 mm. thick, extending to within about. 

1 mm. of the surrounding cylindrical vwill. These 
vanes are for the purpose of promoting the dis- 
tribution of heat within the annular space containing 
the material under investigation. The vanes extend 
just above the top of the central tube. At, this plan* 
are two flat circular bailie plates, separated about 

2 mm by three small steel studs. The lower plate is 
united to the tops of the radial vanes with tin, A 
central hole in the lower plate and Severn l holes m 
the upper one between centre and outside furnish 
a tortuous passage for vapour coming irom below. 
These two plates arc intended to intercept any 
large drops of liquid which might he thrown up by 
vigorous boiling, should it occur, and also act as a, 
thermal shield foi the top of the calorimeter. A 
second set of four baffle plates of spherical contour 
separated by about 2 mm ate attaehed to the inside 
surface of the conical part of the calorimeter top. 
Each plate has a central hole and four slots at, the 
edge so as to avoid trapping gas or liquid, hut, these 
passages are so sized and spaced that the mam path 
through the plates is very lot t nous, so as to make 
difficult the passage of liquid particles irom below 
m a current of vapour being withdrawn through 
the outlets in the top. The entire inner surface of 
the steel shell and of the various plates within were 
all tinned, using pure block tm. 

(ii.) Method of JtJxper intent , — Two distinct 
methods of experiment wore employed. In 
the first method the heat, added to a fixed 
amount of the substance under test confined 
in the calorimeter under saturation conditions, 
together with the resulting change m tem- 
perature, are measured. By using data for 
the specific volumes of the two phases and the 
latent heat of vaporisation, the heat lost m 
the vaporisation of the liquid is estimated 
and can be allowed for ; thus the specific 
heat of the liquid when kept saturated is 
found. 

In the second method the calorimeter is 
kept full of liquid at a constant pressure. 
The heat, added to the variable amount m the 
calorimeter, and the resulting change in tem- 
perature are measured. A correction for tlw 
heat withdrawn m the expel led Jiqmd is deter- 
mined by special experiments. By use of tin* 
data for variation with pressure of the latent 
heat of the liquid, obtained from separate 
measurements, made with the same apparatus 
and material, the corrections for pressure 
variation are applied, and thus a second 
determination of the specific boat of the 
saturated liquid is obtained. 

As a final result, the specific beat <r, in joule# 
per gram per degree centigrade, of liquid 
ammonia, kept saturated, at the temperature 
6, is given in the range -45° to -| 45° (k by 
the equation 

3-1365 - 0*00057 0 -f- J ^ 
v 133 -tf 

The two curves in Fig, 4- show the results 

graphically. 



37 


CALORIMETRY, ELECTRICAL METHODS OF 


§ (8) Specific Heats of Solids by Elec- 
trical Methods. — Very little work lias been 
done on the determination of the specific heat 


heats of the metals aluminium, tm, copper, 
cadmium, zinc, lead, and silver over the 
range - 100° to + 100° C. 
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of solid substances by the electrical method 
except for the metals. The method, of course, 
lends itself admirably to the determination of 
the sjiecific heats of good thermal conductors, 
but with poor conductors special devices must 
be adopted to ensure uniformity of tempera- 
ture throughout the material under tost. 

§ (9) Gaede. — Gaede 1 appears to have been 
the first to measure specific heats in this 
manner. In his experiments the specimens 
formed their own calorimeters. These were 
machined to a cylindrical form and a deep 
central core bored out. Into this was thrust 
a copper core, wound with a properly in- 
sulated heatex of constantan ribbon and a 
resistance thermometer of fine copper wire. 
Thermal contact between the core and the 
walls of the well was secured by filling the 
intervening space with mercury, using a thin 
stool shell when necessary to avoid amalgama- 
tion. This calorimeter was suspended in a 
thermostat and heated through an accurately 
measured temperature interval of about 15° 
by a measured quantity of energy supplied 
electrically. 

Very few particulars of the investigation 
have been published, and the data obtained 
are summarised in Table IV. 

§ (10) Metals. — Professor E. H. Griffiths 
and Dr. Ezer Griffiths studied 2 the specific 

1 Phi/s. Zeitschr., 1902, iv. 

2 Phil. Tram Roy. Soc. A, 500, 1913, ccxiii. 119 ; 
Roy. Soc. Proc. A, 1914, lxxxix. 561 ; Phil. Tram. A, 
518, 1914, p 319. 


Table IV 


Mercury. 

Platinum. 

| Steel. 

Tempera- 

ture 

Specific 

Heat 

Tempo a- 
tmo 

Specific 

Heat 

Tempera- 

ture 

Specific 

Heat 

17 1 

03326 

17 5 

03128 

16 8 

1064 

31 8 

03311 

32 0 

03146 

32 3 

1082 

47 2 

03302 

47-8 

03167 

47 1 

1099 

01 9 

03292 

62 2 

•03180 

62 0 

•1114 

77 0 

•03282 

77 2 

•03193 

76 7 

1129 


•03273 

92-2 

03205 

91 9 

•1144 

Lead. 

Antimony. 

| Tin. 

TomiKJ ra- 
il u hi 

Specific 

Heat 

Tempera- 

ture 

Specific 

Heat 

i 

Tempera- 

ture. 

Specific 

Heat 

18-3 

•03054 

17 1 

•05025 

16-8 

•05398 

32-3 

03075 

330 

05056 

1 32*5 

•05446 

47*1 

•03091 

47*2 

•05082 

46 8 

055486 

61*6 

03103 

624 

•05103 

62 1 

05534 

76-9 

•03112 

77*3 

05116 

76-9 

•05580 

92-0 

•03125 

92-5 

•05132 

92 1 

JL - 

•055623 

Zinc. 

Cadmium. 

Copper. 

Tompera- 

tme 

Specific 

Heat 

Tempera- 

ture. 

Specific 

Heat 

Tempoia- 

tuie 

Specific 

Heat 

17 3 

•0922 

17-1 

05483 

16 7 

•0911 

324 

0929 

32 2 

05535 

32 7 

•0919 

47 2 

•0936 

47-1 

•05566 

47 0 

•0924 

62-2 

•0941 

61*8 

•05594 

61 9 

•0931 

77-3 

0946 

76 9 

05629 

764 

0935 

92-7 

0949 

92 2 

05655 

92 3 

•0940 
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(i.) Temperatures 0°-100°. — The apparatus 
employed for determinations in the range 0° 
to 100° C. is shown m Fig. 5. 

Two similar "blocks of the metal under test 
were suspended in two brass enclosures im- 



mersed in a constant temperature bath. In 
the central hole of each block was a heating 
cojl whilst the coaxial holes contained resist- 
ance thermometers connected differentially. 

The third hole was used for the purpose of 
cooling the block below the surrounding tem- 
perature by the insertion of a thm-walled tube 
containing ether and connected to a water 
pump. 

In the experiments one of the blocks was 
heated through a range from one degree below 
the temperature of the enclosure to one degree 
above the temperature of the enclosure by a 
measured supply of electrical energy. 

This temperature interval was measured on 
a resistance bridge in the usual manner. Since 
the two resistance thermometers were adjusted 
to close equality and made of the same sample 
of wire, the balance point on the bridge wire 
was practically at the centre of the wire at 
all temperatures when the blocks were in 
temperature equilibrium with the enclosure. 
Hence no auxiliary coils were required in the 
Wheatstone’s bridge circuit beyond the equal 
ratio arms. 

The energy supplied to the heating coils was 
measured by balancing the potential difference 
at its ends against the E.M F. of a series of 
cadmium cells in series, the current through the 


coil being adjusted until balance was obtained. 
The resistance of the heating coil was deter- 
mined for the particular value of the current 
passing. 

(ri.) Low Temperatures . — The experiments 
were continued at low temperatures but with 
a modified form of apparatus shown m Fig 0, 
as it was very difficult to obtain any constant 
temperature baths in the region from - 80° to 
- 180° C. 

In this apparatus a constant temperature 
enclosure w T as obtained by the use of a thick- 
walled copper box 
surrounded by a 
coil of piping 
through v Inch 
cooled air circu- 
lated. The Jou le- 
Thomson effect of 
cooling was util- 
ised in a direct 
manner. Air was 
compressed to a 
pressure of 2000 
to 3000 lbs. per 
sq. in., and then 
entered into the 
interch anger by 

the pipe A, Fig. 0. 
This interchange!* 
BE was con- 
structed of ordi- 



Fig 6 


nary solid drawn copper tubmg J in. bore 
coiled in the form of flat spirals Suc- 
cessive layers of the coil were separated by 
strips of cardboard and the entire coil packed 
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around with heat-msulatmg material. From 
the interchanger coils the air was earned to the 
valve C, by means of which an observer con- 
trolled the flow, excess of air being discharged 
at the safety-valve on the compressor. After 
expansion the air circulated through the coil 
of lead tubing D, and then back over the 
surface of the interchange!* coils. On the 
exterior surface of the thick-walled coppei 
enclosure E was wound a layer of insulated 
copper wire If, which served as a resistance 
thermometer. Variations in the tempeiaturo 
of the wails of this enclosure were rendered 
visible by the movements of a galvanometer 
spot. By controlling the How of air the 
oscillations of the spot could bo kept within 
narrow limits and, undor normal conditions, 
the oscillations did not exceed a hundredth of 
a degree in amplitude. 

The interior of the wooden vessel M was 
packed with slag wool, 1 the passage for tho 
withdrawal of the copper enclosure being kept 
clear by a cylindrical tube of cardboard N. 
The space between tho top of the enclos 
ure and the outer lid was filled by wrap- 
ping felt matting around tho glass tubes and 
leads 

The block of metal G was suspended within 
the enclosure by a single glass tube II. Tho 
centre hole contained the heating coil 0, of 
manganin wire wound on a mica rack and 
immersed in a light paraffin, usually petrol 
The heating coil was lixed to a short taper 
plug of copper K, which closed the central 
hole. The resistance of tho coil was about 20 
ohms. A platinum thermometer was inserted 
m tho cylindrical hole T, the annular gap 
between the stem and tho walls being closed by 
a packing of asbestos thread. The differential 
arrangement employed in the previous experi- 
ments was abandoned as it would have required 
too long a time to obtain tho equilibrium 
conditions. 

(iii ) Method of Experiment . — In these experi- 
ments tho practice was to heat tho material 
through a small temperature interval from 
below the surroundings to an approximately 
equal interval above, and observe the rate 
of rise during this period. The method of 
experiment was such that a direct deter- 
mination of tho temperature of tho enclosure 
was not required. An experiment was con- 
ducted as follows : 

The temperature of the enclosure was lowered 
progressively by utilising the full supply from the 
compressor and controlling the flow so as to produce 
a steady pressure drop through the valve of 120 to 
150 atmospheres 

The temperature of the block would fall at a steady 
rate by radiation and convection to the enclosure 

1 It is probable that wool in its naf ural state would 
have been a better insulator at these low tempera- 
tures, since the grease in the wool prevents it from 
absorbing moisture. 


walls, and when its temperature had neatly reached 
the desired point the cold air circulation around tho 
enclosure was stopped. 

Its tcmpciatuic would then rise nipidly by 
conduction horn without and soon pass that of the 
block winch, m consequence of tho slow transmission 
of heat by radiation and convection, would lag 
behind that of the walls. The tempera, tut e of the 
enclosure walls would then be maintained steady at, 
about three degrees higher than that of the metal 
block. 

Some time had to elapse before the conditions were 
siilliciently settled to justify tho commencement of 
an experiment. 

The first gioup of readings consisted of observa- 
tions of the rate oJ rise of temperature of the block 
by radiation, etc , the transits of tho temperature 
being observed across successive equal intervals 
(of about A,th of a degree), the tune between suc- 
cessive transits being oi tho order of 50 seconds. 

The electrical supply was then switched on, and, 
after allowing a little time for the setting up of a 
steady gradient, transits eveiy fifth of a degree were 
taken. 

When the temperature had risen two or three 
degrees above the surroundings the electrical supply 
was switched oil* and observations ol temperature and 
time continued 

The temperature would then fall steadily under the 
influence of radiation, etc., the rate of cooling being 
observed m precisely the same manner as tho rate 
of rise of temperature before tho electrical supply 
was switched on. 

If cr is tho rato of rise or fall due to radiation 
for 1° C. difference in temperature between the 
block and tho surroundings, then assuming 
Newton’s law to be valid for tho loss or gain by 
“ radiation ” (an assumption which was fully 
justilied by the experimental results), wo have 
tho expression 

o) 


for the rate of rise or fall under tho influence 
of “radiation” alone. II (‘nee, plotting dO/?t 
against 0, tho straight line joining the two 
groups will out tho temperature axis at 0 ~ * 0 Q 
which determines tho temperature of tho 
surroundings. 

For tho rate of rise under tho combined 
effect of tho electrical supply and radiation wo 
have tho equation 


dO E 2 


dt RMS 


" + ~ 0 O ), 


where E a /R is tho electrical supply por second 
in thermal units, MS the thermal capacity 
of tho block including that of tho resistance 
coil, etc. 

Hotting the observed rates of rise on tho 
same scalo as tho “ radiation ” observations, it 
is obvious that the straight lino thus obtained 
should be parallel to the lino joining tho two 
groups of “ radiation ” observations, since the 
tangent of the angle made with tho 0 axis is 
equal to cr. For 0 = 0 o the “ radiation ” term 



Atomic Heat Gp 
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vanishes, hence, if dOx/dt denotes the value of 
the ordinate at this point, then 
^n__JE 2 
dt ~ RMS’ 

from which S can be obtained. The results 
obtained are summarised in Table V u and shown 
graphically m Fig. 7, where T is the absolute 



temperature and C„ is the atomic heat, i e. 
specific heat multiplied by the atomic weight : 

Table V 


Abs. 

Temp 

Specific 

Heat. 


Abs. 

Temp. 

Specific 

Heat 

Cp. 



Cor per 



138 

0*07706 

4 94 

301 G 

0 09230 

5 87 

149*5 

0*07942 

5 05 

330 7 

0 09365 

5 95 

171 4 

0 08235 

5 23 

340 5 

0*09387 

5 97 

204 0 

0 08593 

5 46 

370 5 

0*09521 

6 05 

273 1 

0 09088 

5 78 


•* 




Zinc 



145*5 

0-08421 

5-50 

323 6 

0*09412 

6 15 

211*1 

0 08898 

5 82 

370 5 

0-09521 

<5 22 

273*1 

0 09176 

6 00 

396*5 

0 09570 

6*26 

294*0 

0*09205 

6-06 






Silver 



158 1 

0*05210 

5-62 

301 5 

0*05613 

6*05 

187 4 

0*053(i2 

5 78 

340*5 

0 05(580 

6 13 

273 1 

0*05560 

0 00 

370*6 

0 05737 

6 19 



CAdhium 



108-3 

0*04907 

5*52 

301*5 

0*05554 

6 24 

181-8 

0 05287 

5 94 

327-6 

0 05(516 

6-31 

273*1 

0 05475 

6 15 

370*8 

0 05714 

6*42 



Lead 



118-0 

0 02807 

5 94 

301*5 

0-03053 

C 32 

106 3 

0*02903 

6 01 

324*1 

0 03073 

6*36 

254-4 

0*02989 

6*19 

340 5 

0*03102 

6 42 

273*1 

0 03020 

0*25 

370 6 

0*03127 

6*48 


Sodium (Annealed 

) 


123*3 

0*2466 

5 67 

273*1 

0 2829 

6*51 

155*2 

0-2586 

5-95 

305*9 

0 2910 

6-69 

179*3 

0-2610 

6-02 

322 4 

0*2952 

6*79 

210 5 

0 2707 

6 23 

340*9 

0*3019 

6 94 

270*6 

0 2826 

6*51 



•* 1 


Ta ble V — conlm ued 


Abs. 

Temp 

Specific 

llcat 

0 t u 

Abs 

Temp 

Specific 

Leaf 

Op. 


Sodium (Molten State) 


373 9 

0 3234 

7 44 

400 6 

0 3205 

7 37 

376 2 

0 3232 

7 43 

411 G 

0 3189 

7 34 

390 1 

0 323 7 

7 40 





§ (11) Nernst and Lindemann . 1 — These 
observers made a series of point to point deter- 
minations at very low temperatures, using a 
calorimeter developed by Euckon 2 A piece of 
metal of suitable size was shaped into a hollow 
cylinder and a loosely fitting core made for the 
same. On the core was wrapped a platinum 
wire, properly insulated, to serve as a resistance 
thermometer and also as electric heater. The 
core was placed m the cylinder and paraffin 
poured into the crevices to improve the thermal 
contact (see Fig. 8). The whole was suspended 
in vacuo , and the specific heat over small 
temperature intervals 
determined from measure- 
ments of energy supplied 
electrically and of the 
temperature rise resulting 
therefrom. Nernst and 
Lindemann applied the 
same method to poor 
heat conductors. For 
such materials the design 
of calorimeter is shown m 
Fig. 9. The wire was 
wound on a silver tube 
projecting into a silver 
vessel, the high conduc- 
tivity of the silver assist- 
ing the equalisation of a. 

the temperature through 
the mass Some of the data for pure 
metals obtained by Nernst aro given m 
Table VI. 

§ (12) Copper. — Harper 3 studied (i.) the 
specific heat of copper over the range 
15° to 50° C. The specimen was in 
the form of copj-ier wire, which also 
served as its own thermometer and g 
heater. The wire was 50 metros in yA-T 1 -- 
length and 2 5 mm. in diameter ; it 
was compactly coiled into a number ! 
of flat spirals separated by mica 
plates. The coil was suspended %n, U U 
vacuo, and heated with a measured ^ ^ 

quantity of energy supplied elec- 
trically, the resulting temperature rise being 
measured by the change of resistance. The 

1 Joum. de Physique, 1010, [4], ix. ; Hitzungnber . 
Perl. AJead., 1910, i. 247, 202; Ann d. Phys., 1011, 
[4], xxxvi. 395. 

2 Physik. Zeitschr ., 1009, x. 586. 

3 Sci. Paper Pur Stds., 1914, No. 231. 







41 


CALORIMETRY, ELECTRICAL METRO 08 OF 


results of 27 determinations between 15° and 
50° are represented by the equation 

8 = 0*0917 + 0*000018(f — 2b) 0 calories _, 0 per 

gram degree. 

4 182 joules is taken as equal to one 20° calone. 

(ii.) Comparison of Data by Vanous Ob - 
sei vets. — Harper 1 lias tabulated the data given 
by various observers for the specific beat of 
copper. In order to coni pare the results at one 
definite temperature the coefficient 0 000044 
has been used in reducing results obtained at 


This coefficient is the mean oi those given bv 
recent observers employing electric heating and a 
point to point method as shown m Table VII. 


Table Vi I 


Observer. 

CoelUeient 

(Ailones pei Gram Degrees 

Gaede .... 

0 000040 

E 11. Griffiths and \ 
E/.or ( t ninths / 

0 000014 

Harper . 

0 000(48 


It will bo observed from 
a comparison of the data 
given m Table VIII. (p. 
42) and shown graphically 
in Fig. 10 that there is 
substantial agreement 
between the results of 
observers using the elec- 
trical method both as re- 
gards the absolute value 
of the specific beat and its 
temperature coefficient. H 
is very improbable that 
there is any systematic 
error common to all since 
the throe methods differ 
radically in detail. 

§ (13) SrifloiFio Heat 
of Cases by Electrical 
M eti ions. — The method 
of electrical heating for 
the detoi mi nation of the 
specific heat of gases at 
different temperatures has been developed by 
Call end ar and Ins associates. 

Gases present greater practical difficulties 


Table VX 

Nernst’r Values at Low Temperatures 



T. 

32 4° 

35 1° 

83° 

80° 

88-3° 


A1 

0, 

0 25 

0 33 

2 41 

2 52 

2 02 




T. 

23 5° 

27 T 

33 4° 

87° 

88° 


Cu 

% 

0 22 

0 32 

_ - 

0 54 

3 33 

3 38 




T. 

40° 

00° 

80° 





Zn* 

o p 

1 77 

3*15 

4 09 j 





T 

35° 

39 1° ! 

4 1 2° 

52 0° 

05° 

IT 

85 3° 

Ag 


1 58 

1 90 

2 30 

2 85 

3 74 

4 07 

4 37 


T. 

23° 

28*3° 

37 r 

80° 




Pb 

Op 

2 90 

3 92 

4*41 

r> 09 





* In the ease of zme die actual figures are not recorded, and the above 
figures have been obtained Horn the nines given in the paper. 

the various temperatures to the 50° 0. value, 

the formula 0 0 , 

S = So 4* (M)00044£ 



being assumed as valid for values of t from 
0° to 100°. 

1 Sc i. Pav&r Bur Std$ 1914, No. 231. 


than either solids or liquids, since it is necessary 
to take great precautions to ensure uniformity 
of temperature in the gas stream 
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Table VIII 


Tiie Specific Heat of Copper 






(laic 

Remarks 

Year 

Name. 

Temp. 

Result. 

Value 
at 50° 

1817 

Dulong and Petit 

§1 
6 6 

0 0949 

0 1013 

0 094 9 


1819 

1831 

,, tf 

5-10 

0 0949 

0 097 

Method of cooling. 

Potter 

(50°) 

0 09G 

0 10 

Mean of expts ovei cliff temp ranges 

1834 

Hermann 

20° 

0 09G1 

0 097 4 

| Very pure Cu , llammeicd On 1 5 per 

1840 

Regnault 

15-100 

0 09515 

0 094 g 

{ c-out lower than soft Cu 



0 0S8G 

0 09 

1 Method of cooling (Results considered 

1843 


“ Room ” 

^ worthless by Kognault.) 

1850 

Bede 

15-100 

0 09331 

0 O03 o 

| Pure copper. Results expressed withm 

1G-172 

0 09183 

l experimental euor by the formula 


9* 

17-247 

0 09080 


j c=0 0910+0 00004G/ 

18G4 

Kopp 

20-50 

0 0930 

0 094 

Commerei.il copper wire 

1881 

Lorenz 

0° 

0 08988 





50° 

0*09100 

0 09 1 7 




75° 

0 09319 





(50°X 

0-09332 

0 093 

/ Mean from expts m did. temp, ranges, 

1884 

Tomlinson 

^ c = 0 09008 4* 0 0000048*. 

1887 

Naccari 

17-99 

0 0937 

0 093 4 




17-171 

0 0938 





17-253 

0 0951 





17-321 

0 0957 



1S91 

Zokrzewski 

-100-0 

0 08514 


Bunsen ice caloiimctor. 



0-100 

0 09217 

0-092o 


1892 

Scliuz 

15-100 

0 0931 

0 092 8 

Copper wire. 



-78-15 

0 0903 



1892 

Le Verrier 

0-3G0 

0 104 





300-580 

0 125 





580-780 

0 09 





780-1000 

0-118 



1893 

Richards and Prazier 

0-1000 



c—0 09394-0 0000355G*. 

1893 

Voigt 

21-100 

0 9*23 

0 91 7 

Very pure Cu, drawn. 

1895 

Waterman 

23-100 

0 09471 

0-094* 

1895 

Bartoli and Stracciati 

15-100 

0 0032 

0-092 ft 

Very pure Cu. 

1898 

Trowbridge 

23-100 

0 0940 

0*093 6 



-181 4-11 

0 08G8 








f Drawn copper, 0*5 per cent 8b and Ag. 

1900 

Behn 

- 18(5-18 

0-0790 


I Pinal result of those expts. and 

— 79-18 

0-0883 


1 others, not separately reported, 
l v r. M) 0913 |-0 0000670/ - 0 0 fl 583/.". 


** 






' Very pure copper. Methyl (m principle 



18° 



a method of cooling) not suited to 

1900 

Jaeger and Diesselhorst 

(0-091 0 ) 

0 092 

accurate measurements for good con- 



100° 

(0 002 a ) 

0-090 

ductors. Results considered of no 
value by Jaeger and Diesselhorst. 



15-100 

0 09232 

0-0920 

f Puro Cu. Klxpts showing phosphor 

1900 

Tilden 

\ raises and tin lowers sp lit. of Cu. 
/Very pure copper. Electric heating, 






10*7° 

0-09108 

0-0925 

point to point method. 

1902 

Gaede 

Results combined in formulas 



32 '7° 

0*09189 

0 0926 

e»0 09113 40-00005002(/-17)~ 



47-0° 

0*09244 

0 0926 

J 0-0 Q 1555(/-17) 2 within ±0 045 



61-9° 

0-09310 

0-0920 

per cent. 


a 

70*4° 

0*09346 

0-0923 

c*0-09122 r f 0-0000384 (/-l 7) with- 


»» 

92* 3° 

0*09403 

0-0922 

in ±0-09 per cent. 






TTnits, 17° caloric, hydrogen scale. 

1903 

Schmitz 

- 190-20 
- 190-0 
20-100 

30-1005 

0*0798 

0 0793 
0*0936 

0 10884 

0-0932 

) Very pure copper. 17 5° calorie, 
j liydrogen scale. 

i Puro copper. Procedure such that 

1904 

Glaser 


\ error of 10 per cent quite probable. 
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Twjlig VIII — continued 


Year 

Name. 

Temp. 

.Result. 

Oh ^ 

Remarks. 

1910 

Magnus 

15-100 

0 0933 

0 093 0 



i9 

15-238 

0 09510 





15-338 

0 09575 



1910 

Richards and Jackson 

- 190-20 

0 0789 


20° calorie, hydrogen scale 

1910 

Scliimpff 

-190-17 

0 0780 



Coppor 99 91 pci cent pure Results 



-79-17 

0 0880 



r expressed m formula c— 0 091990 + 



17-100 

0 0925 

0 092 


1 0 0( >00457 09( )( / - 1 7 ) - 0 O o O0G0(f-17) 2 . 

1910 

Nernst, Koref, Lmdcmann 

2-22 

0 09J55 

0 0932 

Gnlonc equal to 4 188 joules 

1911 

Koref 

- 190-S3 

0 0720 


f Gommcmnl drawn copper Calorie 



-77-0 

0 0870 


f equal to 4 188 joules 

1911 

Nernst and Lmdcmann 

- 233° 

0 012* 


( Alone equal to 4 188 joules 


»» 

-213° 

0 029 4 


. „ 



- 193° 

0 040, 


*. . 


M „ 

- 173° 

0 059 0 



1911 

Nernst 

— 219*0° 

0 0035 


1 




- 245 4° 

0 0051 



(Assuming ico-pomt=273 1°K.) 



- 239 7° 

0 0084 



Electrolytic copper. In terms of a 



-180 1° 

0 052 



calone equal to 4 188 joules. 



-185*1° 

0*053 


J 


1913 

Griffiths and Griffiths 

0° 

0 09088 

0-0931 

1 

Very pure elect roly tic copper. Electric 


» >> 

28 4° 

0 09230 

0 0932 


heating, point to point method. 



07*3° 

0 09387 

0 0931 


Results expressed by formula 



97-4° 

0*09521 

0 0931 


c*r0 09088 (1+0 0005341 f- 0 0 0 48/ 2 ). 


i ” 





Results expressed by formula 

1914 

Harper 

15-50 


0 0929 


c = 0 0937 +0 000048 (/- 25) 


The units in terms of which the above results are expressed are not all the same, but the (inferences need not 
be taken into account in making comparisons In every ease the difference between the unit employed and 
the lt>° calorie or the 20° calone (which diiler from each other by about one part in a thousand) is less than the 
probable experimental error. 


Callendar and Swann 1 applied the continu- 
ous flow method to the determination of the 
specific heats of air and carbon dioxide at 
atmosphere pressure at 20° 0. . 

and 100° C. 


SJli- 


1 


rl 


m 


(i.) The Apparatus . — In those 
experiments ^ a steady stream 
of gas was passed through a 
jacketed tube (the calorimeter 
proper), in which it was heated 
by a current of electricity pass- 
ing through a platinum coil of 
1 ohm resistance, the rise in 
temperature being measured by 
two 12-ohm platinum thermo- 
meters used differentially. 

The calorimeter is repre- 
sented diagrammatical] y in 
Fig. 11, the heating coil and 
platinum thermometers being situated in the 
tube AB, which is jacketed by the tube J. The 
tube EG formed the heater in which the gas 
attained the desired temperature, and being 
double- walled could be steam-heated or water- 




afo 


B - 

TTG. n. 


cooled. This tube was packed with tightly 
fitting discs of coppor gauze. The gas under 
test entered at m, was heated up to the required 
temperature and entered the space round the 



A, Tccpieeo open to atmosphere through constricted 
opening to allow excess of gas to escape ; II B, towers 
containing solid KOI! and (la01 s , 0, cotton wool dust 
filter : 1), automatic pressure regulator : E, throttle ; 
F, tube packed witli gauze to bring gas to the desired 
temperature ; G, fine metal tubes for measurement of 
flow ; M, oil gauge. 

calorimeter proper. It next passed through 
the tube n> into the calorimeter, and finally 
emerged by the tube p. 

The general arrangement of the apparatus 
will be understood from Fig. 12. 


1 Phil. Trans. A, 1910, ccx. 199. 
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(ii.) Theory of Method.— It C is the electuc current, 
E the potential difference between the ends of the 
heating coil, od the use in temperature of the gas, Q 
the rate of flow of the gas in. grammes per second, J 
the mechanical equivalent of heat, and S the specific 
heat of the gas at constant pressure, the elementary 
theory of the expenmen t gives 

CE=JSQ 50+7450, 

where ho 9 is a term representing the heat loss by 
radiation, etc 

A similar experiment with a rate of flow about 
half the above value, and with the electric current 
adjusted so that the rise m temperature was about 
the same as befoie, gave a second equation, so 
that h could be eliminated and S determined 

The largest currents of gas tliiough the apparatus 
were of the older of 0 5 litie per second. The late of 
flow was kept constant by an automatic pressure 
regulator. It was measured by passing the gas 
through 16 fine metal tubes arranged ill parallel, 
and observing the pressure difference between their 
ends, the mean pressure, and the temperature. Hie 
expression giving the rate of flow m terms of these 
quantities was found by a series of experiments m 
which the gas was pumped into a reservoir of about 
50 litres capacity, and then allowed to discharge 
through the apparatus By means of a special 
device, the times taken for certain quantities of gas 
to pass through the apparatus were recorded auto- 
matically while the gas was actually flowing, so that 
the initial fluctuations weie avoided. 

The value of the electric current was obtained by 
measuring the potential difference set up at between 
the ends of a standard resistance coil m terms of 
cadmium cells. The heating effects of the leads of 
the heating coil were determined by experiments 
made under the exact conditions of the mam experi- 
ments. 

The rise in tempeiature m the main experiments 
was about 5° C , and it was measured to 0-001° 0. 
Thus the specific heats were measured practically 
at single temperatures instead of over large ranges. 

The validity of assuming the heat loss for a given 
rise m temperature to be independent of the rate of 
flow of the gas was tested by experiment. The 
matter was also examined from a theoretical stand- 
point, and corrections were calculated and applied 
where the assumptions made in the elementary 
theory were such as to lead to errors of more than 
about one part m 10,000. The corrections were 
small, only amounting to one or two parts m 1000. 

Full details of various other precautions are 
given in the original paper, and the moan of a 
large number of observations gave the follow- 
ing results : 

Air 

0-24173 cal. per gram degree at 20° C. 

0-24301 „ „ „ 100° C. 

Carbon Dioxide 

0 20202 cal. per gram degree at 20° C. 
0-22121 „ „ „ 100° C. 

The several determinations agree in each 
case to about 1 5 parts per 1000, and the mean 
results are probably correct to one part in 1000. 
The values of the specific heats obtained 


are greater by about 2 per cent than the 
corresponding values found by Regnault and 
by later investigators who have employed 
methods similar in principle to that of Re- 
gnault, but it has now been established that 
Regnault’ s method gives values which are low 
by about this amount. 

§ (14) Speoific Heat of Steam. — Brink- 
worth 1 developed the same method for the 
determination of the specific heat of steam 
at atmospheric pressure between 104° 0. and 
115° C 


(l.) Outline of the Method . — Steam is gener- 
ated in a boiler and thence led to one limb of a 
(J-tube pressure regulator The pressure of 
the steam forces the mercury down in this limb 
of the U-tubc and up in the other limb in 
which the adjustment of the 
supply of gas to the large ring 
burner, used for heating the 
water in the boiler, is made. 
After passing the regulator the 
steam, now maintained at a 



di d 8 , and tf a , di ams for condensed water. 


constant pressure, is led between the walls of 
the jacket surrounding the calorimeter proper, 
thence through a separator and a throttle into 
the space enclosed by tho double-walled jacket, 
whence it passes down the calorimeter How- 
tube to a condenser. During the passage of 
tho steam through the flow-tube it is heated by 
means of an electric current passing through a 
platinum heating coil, and its temperature is 
measured on a platinum resistance thermo- 
meter. Another temperature measurement is 
made when the supply of electrical energy is 
cut oil, and the difference between these two 
temperatures gives tho rise in temperature of 
the steam. 

(ii.) Calorimetric Arrangements (Fig. 13). — 
The calorimeter proper consisted of a glass tube 
Y, about 50 cm. long, in which tho hoating coil 
C and the thermometer N wore fixed. This 
tube was jacketed by another glass tube S, 
which enclosed the length occupied by the 
heating coil and thermometer. 

The calorimeter flow-tube and its surround- 
ing glass sheath were carried on a split rubber 
cork wound with omega tape and fixed, making 
a steam-tight joint, into a space enclosed by a 
double-walled brass jacket. The lower part 
1 Phil Trans. A, 1915, eexv. 383. 
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of this jacket communicates with a double- 1 
walled side tube and the steam entering at E 
passes between the jacket walls to F, which 
communicates with the steam separator 0. 
It then enters the inner portion of the side 
tube through the throttle T. This tube is 
tightly packed with gauze discs ; thence the 
steam passes up the tube S into the top of the 
flow-tube at P, and descending past the heating 
coil C and the thermometer N flows away into 
the condenser at L. 

On its passage through the tightly packed 
gauze discs m the side-hcatmg tube the steam 
was heated up to the temperature of the jacket. 

In Fig. 13, which represents diagram in at really the 
arrangement thus described, it will bo noticed that 
the cylindrical space inside the double walls of the 
main jacket is divided into two compartments by a 
disc K This disc of brass was soldered to the 
inner jacket tube about 5 cm. from the upper end. 
Its function is to prevent the steam m the tube S 
from impinging on the rubber cork closing the upper 
end of the tube, and thus being cooled 

Any slight cooling due to the steam striking tho 
lower split cork is of no importance, since the steam 
would be warmed again during its passage lip between 
the flow tube and the surrounding jacket. The whole 
of the jacket, tho separator, and tho connecting 
tubes were heavily lagged with felt A novel feature 
of the apparatus is tho “ spiral ” method of mixing tho 
steam, m which use is made of a number of circular 
discs punched to fit the thermometer tube and then 
cut along a diameter, bent, and soldeied together to 
form a continuous spiral 
round tho thermometer 
(see Fig. 14). This 
method of mixing is 
found to bo a great 
improvement on the 
gauze method provi 
ously employed. 

Tho usual equation 
for the continuous 
flow method is 
KOsrN QdO+hdO, 
where EC is the oloc- 
trioal energy sup- 
plied, S tho required 
specific heat it ex- 
pressed m joules per 
gram 0., Q the rate 
of flow of the steam, 
dO tho rise of tem- 
perature of the 
jiTu. 14 . steam, and hdf) is a 

term representing tho 
heat loss. If this loss is independent of tho 
flow, then a linear relationship exists between 
tho values of EC /QdO and 1/Q. This is 
found not to be strictly the caso, and another 
term depending on tho flow is inserted 
in the fundamental equation which thereby 
becomes: EC = SQdO + (h + hjCl)dO. By the 

employment of three rates of flow, ad- 



justing E in each case so that dO remains 
tho same, h and lc can be eliminated and S 
measured. 

The value obtained for the specific heat was 
0*4856 cal. per gram degree at 104 5° C and 760 
mm. pressure; then, assuming 
a linear variation with tempera- 
ture as experimentally deter- 
mined, this corresponds to a 
value 0*4878 at 100°, both ex- 
pressed in terms of the calorie 
at 20" C, 

(in.) Fjj'cct of Impurities in the 
Steam. — Steam m the immediate 
neighbourhood of tho saturation 
point is liable to cany small particles 
of waier m suspension, winch can- 
not be evaporated completely by a 
moderate degree of superheat if 
any impurities, such as salt m 
solution, are present. Since I mg. 
of water requires more than half 
a calorie to evaporate it, and tho 
heat required to raise tho tem- 
perature of 1 gram of steam 10° < '. 
is only 5 calories, it is necessary 
that the initial steam should not 
contain more than I m 100,000 of 
water if the specific heat is to be 
found correct to l in 1000 over a 
range of 10° 0. 

Tlie rise of the boiling-point 0 
produced by x gram-molecules of 
salt per gram of water is approxi- 
mately 1000T' (\ The proportion 
of suspended water remaining un- 
ovaporated at any degree of super- 
heat 0' will bo IOOOir/0'. Tho 
quantity evaporated in heating 
the steam from 0' to 0" will be 
1000 x(0"-0')l0'0". This will pro- 
duce an apparent increase of 
tho mean specific heat of the 
steam over tho range 0" — O' equi- 
valent to 1000 L r/0'0" f whore L Piu, 15. 
is tho latent heat of evapora- 
tion It was found that this extremely simple and 
convenient reduction formula filled the results 
obtained over different ranges of temperature with 
extraordinary precision, and reconciled apparent 
discrepancies which had previously been attributed 
to errors of observation. 

§ (15) Determination of the Specific 
Heat of Air and other Games at Room 
and Low Temperatures by tiie Continu- 
ous Flow Electrical Method.— School and 
Houho 1 have determined tho specific boat of 
air and other gases at +20°, * 78°, and - 183° 
by tbo continuous flow method. The air was 
directed in a steady stream through a pipe in 
which it received a known amount of heat by 
means of a heating coil. 

Fig. 15 shows tho glass calorimeter in the 
form in which School and House used it. The 
1 Ann. d. Fhys., 1012, xxxvii. 70. " 
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gas, which is brought to a steady temperature, 
enters the calorimeter from below and flows 
through a spiral, then through two glass jackets 
C and B, and finally reaches the inner tube A 
which contains the heating 
coil. The temperatures of 
the in- and outflowing gases 
are determined by the re- 
sistance thermometers P x 
and P 2 . The whole is sur- 
rounded by a vacuum and 
a glass jacket silvered inside 
and is contained m a bath 
at constant temperature. 
As the air at first flows 
through the jackets C and 
B before it reaches the real 
calorimeter, it absorbs the 
greater part of the heat 
given off to the inner vacuum 
according to the principle of 
counter current and thus 
assists the insulating action 
of the jacket. This greatly 
reduces the loss of heat, 
hut does not entirely pre- 
vent it. The temperature of the outflowing 
gas is measured in the transverse section M. 

The heating coil is shown in Fig. 16 and 
consists of constantan wire K and is wound in 
two sections on a glass pipe. 


In order to distribute the heat equally the wires 
are bound together and wound round the tine copper 
gauze Gj_ as fai as space penults. The wire coils are 
supported above and below by perforated ivory 
strips E a and E 2 . In order to miv the gas thoroughly, 
the packing of copper wile gauze 0 2 is introduced 
above the coil, which m its turn is fastened with an 
ivory strip E 3 . The wires which conduct the cui rent 
to the heating coil aie led up through the inner glass 
tube and connected above E 3 with the wues to the 
souice of the curient and to the voltmeter The 
heating coil and apparatus for mixing are contained 
m a brass pipe M x which fits into a second brass 
pipe M 2 . M<> is fastened with sealing-wax into an 

annulai groove on the mnei pipe A. 

When working at room temperature the 
calorimeter was placed in a huge water bath 
well stirred. At low temperature, on the other 
hand, it was placed in a vacuum vessel which 
contained a mixture of CO a snow and alcohol, 
or liquid oxygen. In each case the gas, before 
entering the calorimeter, passed through a pipe 
which was contained in the same bath as the 
calorimeter. 

The same investigators, 1 when studying 
helium and some other rare gases to low tem- 
peratures, modified the apparatus so as to 
employ a closed circuit. 

The results they obtained are summarised 
in Table IX. They also calculated out the 
corresponding values for the ideal gas state; 

1 Ann il. Phys , 1913, xl .173. 



Pig. 16. 


Table IX 


Temperature 

Cj> m Watt- 
Secs. per Gram 
Degiee. 

C)> m Gram 
Cal at 15° per 
Gram Degree. 


(V 

Opo . 

tw 


U 

+ is 

5*278 

120 o 

Helium 

4 993 

3-008 

4*993 

3*008 

1*660 

1*060 

-180 

5*22 

124 5 

4-934 

2*949 

4*934 

2 949 

1 073 

1*673 

+ 16 

14*26 

1 

3*403 

Cydrocien 

6*860 

4*875 

6*860 

4 875 

1 *407 

1*407 

- 70 

13 23 

3 157 

6*305 

4 379 

6 364 

4 379 

1*453 

1*453 

-181 

. 11 08 

2 644 

5 330 

3*338 

5*320 

3 335 

1*597 

1 595 

-b 20 

1 044 

0*249* 

Nitrogen 

6-983 

4*989 

6 969 

4 984 

l 400 

1 398 

-181 

1 071 

1 0*255 e 

7*162 

4*879 

1 6*718 

4*733 

1 1468 

1 1419 

+ 20 

0*914 

0 218 a 

Oxygen 

6*98 2 

4*98 0 

6*97 0 

4*985 

1*399 

1 398 

- 76 

0 898 

0 214 

6 86 

4*84 

6*81 

4*83 

1 416 

1 411 

-181 

0 956 

0*228 

7*30 

5*04 

6*90 

4*91 

1*447 

1 404 

+ 20 

1*008 

Air (r 
| 0*240 6 

'REE FRO & 

0 965 

l 0() 2 ) 

4 972 

6*953 

4*968 1 

1*401 

1 400 

- 76 

1*018 

0 243 0 

7 04 

5*02 

0 99 

5*01 

1 401 

1 396 

-181 

1*046 

0 249 c 

7*23 

4*99 

6*85 

4-86 1 

1*450 

1*408 

+ 18 

1*048 I 

Carbon Mono 
0 250 a I 7 006 

XIDE 

5*011 I 

0*901 | 

5*006 

1*398 

1*396 

— 180 2 

1-084 

0-258 ? 

7*244 

4*922 

6*743 

4*758 

1*472 

1*417 


Where and C M are calculated values, k and k 0 the ratios (J P /C V and C po/Uvo respectively. 
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those results are inserted for comparison along- 
side the others. 

The values at constant volume are obtained 
from the experimental numbers at constant 
pressure by means of the expressions deduced 
by a combination of 
the ordinary thermo- 
dynamical equations 
with 1) Berthelot’s 
equation of state. 

§ (16) Variation of 
the Specific Heat of 
Air with Pressure 

OVER THE RaNUE 1 TO 

1200 Atmospheres — 

In 1914 Hoi bom and 
Jacob 1 made a new 
senes of measurements 
of the specific heat of 
air high pressures by an 
electrical method. The 
calorimeter employed is 
shown m Fig. 17. The 
castings used m this 
construction were made 
of nickel steel of high 
tensile strength. The 
air enters the calori- 
meter at the bottom 
through a sm all s] iherical 
piece c x and leaves at 
the top through a similar 
arrangement c 8 . Be- 
tween these two points 
there is a nickel steel 
pipe c 5 with semicircular 
ends c.j and e u , into 
which the wide pipes o 2 
and c 7 lead for the 
entrance and exit of tho 
current of air. Con- 
nections between the 
various pipes are made 
by flanges litted with 
packing rings. 

A heating coil q x 
through which the air 
flows is enclosed within 
the pipe c 5 ; from hero 
the air passed through 
the annular spaces l x and 
h* its direction being 
changed twice before it 
leaves the calorimeter. 

The spaces l x and U 
are enclosed within three nickel walls. 'The 
direction of the air current is indicated by tho 
arrows m the figure. 

The outer space of the calorimeter is also divided 
into two cylinders o x and o 2 , through which oil from 
the small turbine r is driven in the direction of tho 

1 Zeitschr . Veremes Deutsch. Ing 1914, lviii. 1429. 


arrows The oil can be heated when desired by 
means of tire resistance coil q lx d is a steam jacket 
surrounding the calorimeter and the exit pipe, 
kavmg the entrance pipe quite free. * This latter 
pipe ih protected against heat loss by a wrapping 

Lead to heating coil 
j in oil circulation 



Air st mm shown thus 

on „ „ 


„ — „ .o Heating Coil 

-JX. passing through Insulating BuShes 


of twisted silk and from the action of the incoming 
air by a glass pipe inserted in it, Tho heater q x 
consists of a group ol 60 split nickel tubes about 
4 mm. inner diameter and 4-5 outer diameter. Those 
aro fastened to two porcelain plates and arc hold 
together, one behind tho other, by clips Tho air 
passes through and around the tubes; current is 
supplied to this heater by wires insulated with j 
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beads. In the diagram the black part represents 
metal and the shaded parts insulating material 

The results at a temperature of 59° are 
represented by the empirical fomiula 

lO 4 ^ = 2413 + 2 S Bp + O-OOOffp 2 - 0-0000 

where p is the pressure in atmospheres 

The value 0 2413 obtained for the specific 
heat at 59° and one atmosphere pressure 
agrees very satisfactorily with those obtained 
by Swan (-2412 at 20°) and Schecl and House 
(-2409) It of course differs from Regnault’s 
value, which is now known to be low. 

The following table gives the values obtained 
for the specific heat at a temperature of 59° 0. 
and for various pressures measured m kilo- 
gram per sq cm. : 

Table X 


p 

Holborn and Jakob. 

Lussana 

Joule and 
Thomson 

Vogel 

Noell 

0 

(Ohs ) 

(flal< ) 
2413 





1 

2415 

•2410 

2370 




25 

•2490 

2485 

*2711 

*2481 

2480 

2193 

50 

2554 

•2550 

3001 

2557 

•2543 

2508 

100 1 

2690 

2694 

3075 

2721 

•2004 

2701 

150 

2821 

2819 

4198 

i 2919 

2770 

2812 

200 

2925 

2025 


3150 

2853 

2893 


For comparison purposes the results of 
Lussana and the values calculated from the 
throttling experiments of Tonic and Thomson, 
Vogel (1911), and Nocll (1913) are inserted. 
These were obtained from Linde’s formula 


c »= c °( ! -S’ 


metric thermometers have been so highly 
developed that the measurement of small 
temperature changes presents no serious 
difficulty, and the technique of temperature 
control of the jacket has been greatly facili- 
tated by the use of electrical heating, so that 
the inherent difficulties associated with the 
method of calorimetry now under considera- 
tion more than counterbalance the advantages 
it offers* consequently, it is very little used 
at the present day. 

The Bunsen ice calorimeter and the Joly 
steam calorimeter arc classical examples of 
this method of calorhnetiy. 

Dewar lias applied the same principle 
to specific heat determinations at very 
low temperatures, and obtained data con- 
cerning the mean specific heat of materials 
between liquid hydrogen and 
liquid nitrogen tern peratui es. 

§ (2) Buttsrav’tt Ice Calori- 
meter. — In this instrument the 
heat given out by a hotly m cool- 
ing from some higher tempera- 
ture to 0 n 0. is obtained by 
observing the contraction which 
takes place m tlio change from 
ico to water produced by the 
heat given by tho body. 

The observed volume change 
is converted mto calorics by 
assuming a value' for the constant of the 
ice calorimeter, i v. tho mass of mercury drawn 
mto the instrument by the addition of one 
moan calorie of heat. 

Numerous determinations of tins constant 
have been made and the values are summarised 
in Table I. 

TvnLE L 


where C 0 is the specific heat at pressure 0 and 
d the cooling when the pleasure is induced by 
throttling from p to a vanishingly small value. 

e. <j. 

CALORIMETRY, METHODS BASED ON 
THE CHANGE OF STATE 

§ (1) The Method. — In this class of calori- 
metric appliances the quantity of heat to he 
measured is determined in terms of any one 
of the following * (i.) Tho mass of ico melted; 
(li.) steam condensed; (in.) liquid hydrogen 
or oxygen vaporised. 

Such measurements do not require an 
accurate measurement of small temperature 
changes of the calorimetric lluid, and taking 
into consideration the state of thermometry 
half a century ago when this method was 
introduced, this fact was unquestionably of 
real advantage. Further, tho temperature of 
the surrounding atmosphere can have but 
little effect upon tho indications of the 
calorimeter since the initial and final tempera- 
tures are the same. In recent years calori- 


Authority 

K in 
Mgms. 

Reference 

Hunsen . 

15-41 

Phil Mag., 1871, xk. 

Schullet and \ 
Wart ha . / 

15 41 

W ivd. Ami., 1877, li. 

Thun 

15-42 

('hath />Vr., 1877, x. 

Velten 

15 47 

Wil'd. Ami., 1884, xxi. 

Zakrzevski 

15-57 

f Halt, r Acad. Crctcotdc, 

\ 1891. 

Stau h 

15-20 

1 Inaug. Diss. Zurich, 
l 1890. 

Dioteriei . 

15-49 

Ann. Phi/n., 1905, xvi. 

ClriflitliH (Ezer) 

15-19 

f Proa. Phi/. Hoc. London, 

\ 1913, xxvi. I. 


It might be remarked that many of the above 
values are based on observations of the heat 
imparled to tho calorimeter by a small quantity 
of water contained m an envelope whose thermal 
eapaeity was comparable with that of tho contained 
water. Since in the majority of eases no attempt has 
been made to vary the conditions and thus detect 
systematic errors, all the values are not entitled to 
the same weight. For example, the figure given by 
Ikmsen is the mean of two experiments repeated 
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under precisely similar conditions the triass envelope ! 
weighed 0-2 gm., contained 0 3 gm of water, and a 
platinum sinker (weight 0 5 gm ) was also attached. 

Dietenci varied the quantity of watei from 0 l> 
gm to 2 gm , and consequently Ins determination 
is entitled to greater weight than the others. 
Griffiths’ value was obtained by supplying a known 
quantity of heat measured as electrical energy. The 
heat was supplied by a niangamn coil wound on a 
mica rack which fitted the interior tube of the 
calorimeter (see Fig. 2), and the results are based 
on the electrical units of JG.M. F. and resistance The 
conditions were \aned. Thus the late of energy 
supply in the fastest experiments was more than 
seven times that in the slowest, and the probable 
error by the method of least squares was less than 
0 1 per cent. 

Bunsen employed lus ice calorimeter to 
determine the latent of fusion of ico as follows : 

Known weights of water at a known boiling 
temperature were introduced into the inner 
tube of the calorimeter and the contractions 
observed. 

In a separate experiment a known weight 
of ice at 0° C. was contained in a bulb, the 
rest of the space being filled with mercury. 
The ice was melted to water, the temperature 
being maintained at 0° 0. Mercury was drawn 
into the bulb to occupy the space left by the 
ice m melting, and fiom the additional weight 
of mercury the contraction was obtained. 
He found that the melting of 1 gram of ico 
caused a contraction of 0 0907 c.c 

From the results of the two sets of experi- 
ments he calculated the latent heat of water 
to be 80*025 calories, which is 0*3 per cent 
higher than the value obtained in recent 
direct determinations. 

The method is not a good one for determin- 
ing the latent heat of water, since the calcula- 
tions depend on the difference of the specific 
volumes of ice and water. 

§ (3) Buns bn’s Galorimbtbe and its 
Modifications, (i.) Description. — A cylin- 
drical test-tube A is fused mto a larger glass 
bulb B, as shown in Fig. 1. The bulb 13 is 
furnished with a glass stem ( T), which termin- 
ates in an iron collar D. This stem is filled 
with pure boiled mercury, which occupies 
the bulb to the level /3. The remainder of 
the bulb above ft is filled with pure boiled 
water. A calibrated narrow glass tube 8, 
furnished with a millimetre scale, is lilted 
into a cork with fine sealing-wax, and then 
passed through the mercury in the collar D, 
and made fast in the mouth of the tube Cl), 
so that it becomes filled with mercury ; and 
by adjusting tho cork in the mouth of the 
tube 01) tho extremity of tho mercury column 
in the scale tube 8 can bo placed at any 
convenient point. By methods, which are 
described in most text-books on practical 
physics, a mantle of ice is formed around the 
lower part of the tube A, 

VOL. I 


(n.) Precautions in Use — In the original 
manner of performing the experiment tho 
instrument, as described above, was placed 
in a vessel containing pounded ice or snow, the 
top of the tube A and the tube 8 alone project- 
ing above the ice It is, however, generally 
found that there is always a small difference 
in the freezmg-pomt of the ice in the instru- 
ment and that of the ice outside. If the 
temperature of the outside ice is higher, then 
there will be a slow melting of the ico in the 
instrument, which will cause a continuous 
creep of tho mercury meniscus towards tho 
instrument. If the freezing-point of the 
ico outside is lower than that of the ice in 
tho instrument, then there will be a slow 
freezing of tho water, causing the meniscus 
to creep away from tho bulb. This creep 
g e n e r all y .. 

amounts to 

2 or 3 centimeties pci 
hour, and is sufficient to 
make it very difficult 
to obtain trustworthy 
measurements. A slight 
addition to tho instru- 
ment will almost elimin- 
ate the creep, reducing 
it to about a tenth its 
normal value. This ad- 
dition, suggested by Boys, 
consists in placing tho 
instrument in an empty 
vessel, tho to}) of which 
is closed by a cork through 
which the tubes A and 8 
pass. This vessel is sur- 
rounded by the pounded 
ico. Owing to air being 
a bad thermal conductor, Pm. l. 
heat cau now only very 
slowly pass between the instrument and the 
surrounding ice. Another method of securing 
the same conditions has been employed by 
Oallondar, who constructed the bulb B in 
tho form of a vacuum vessel. Tho vacuum 
being a worse conductor of heat than air, tho 
passage of heat from tho surrounding me to 
the instrument is in this way reduced yet more. 
When this device is used, the process of cool- 
ing tho instrument down to zero will take a 
considerable time, unions a stream of ice-cool 
water is passed through tho tube A. 

The writer adopted tho plan illustrated in 
Fig. 2, which shows tho instrument as set up 
for tho determination of tho constant of the 
calorimeter by the electrical method, Tho 
calorimeter is suspended within a transparent 
cylindrical vacuum vessel, tho mouth of which 
is closed by a rubber cork as shown. 

(iii.) Variable Density of Ice . — The objection 
most frequently quoted against tho use of 
the ice calorimeter for work of precision is 

is 
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that the density of ice is not a constant 
quantity. 

The experimental evidence on this point is 
briefly summarised below : 

Nichols 1 reviews the work of previous investi- 
gators on the density of ice and describes his own 
experiments. He concludes that the density of ice 
mantles, determmed by weighing in petroleum, is 
0 91615 + 0 00009. This result agrees with the mean 
value deduced from different methods by Plucker 
and Geissler, Kopp and Bunsen (for a similar variety 
of ice) to four places of decimals. 

His experiments on the causes of the variations 
in density of artificial ice were not completed. The 
method was to freeze the ice mantle around the inner 
tube of a calorimeter by pouring m a mixture of C0 2 
and ether. The unfrozen water was shaken out as 



completely as possible, and the adhering water 
frozen, the remaining space being then completely 
filled with mercury. The weight of the mercury, 
together with that of the ice, gave the data for the 
computation of the density of the ice mantle. 

Although the results were consistent among them- 
selves the absolute value was subsequently found to 
beerroneous on account of the deformation of the glass 
vessel under the weight of the contained mercury. 

Nichols at first thought the discrepancy — amount- 
ing to 1 per cent — between his value and Bunsen’s 

1 Phys. Rev , 1899, viii. 


was due to the much lower tempemtuio at which the 
mantle was formed in lus own experiments. He 
therefore made some determinations with mantles 


frozen by means of alcohol at — 5° to — 10 c as refriger- 
ant m the manner devised by Bunsen. The measure- 
ments appeared to indicate that the mantles fonned 
by the use of alcohol at - 5° to - 10° were less dense 
than those formed by means ot C() s and ether at 
-70° by at least 1 part m 1000, and further that one 
of the latter mantles decreased m density by nearly 
this amount after standing 24 houis in an iee bath 
The use of C0 2 and ether resulted m a very rapid 


formation of ice, and the mantle, when a certain size 
was reached, invariably became filled with a network 
of fine cracks. 

Vmcent 2 later took up the subject, and also in- 
vestigated the coefficient of cubical expansion of iee. 

He prepared the ice by means ol a freezing mixtui <\ 
and appears to have obtained a different density 
for each sample prepared. Table If. summarises all 
his results : 


OH inr n IT 


Experiment. 

Density Ice 
at 0 U . 

Weight, assigned to 
the Experiment. 

1 

0 916335 

3 

2 

0 915460 

2 

3 

0 916180 

2 


f 0 915540 

1 

4 

{0 916060 

2 

Weighted mean 0 9160 



His values for the coefficient of expansion of the 
above samples are consistent, and no connection 
between variation in density and expansion can be 
traced. Vincent’s mean value for the density is 
1 part in 5000 less than the moan of the Jesuits oi 
Plucker and Geissler, Bunsen and Nichols. 

The experiments of Leduc in 1900 suggest one 
cause of the variations m density which had boon 
observed by previous workers. Leduc tonic extreme 
precautions to get rid of all traces of dissolved 
air m the water used for manufacturing the ice 
samples. He condensed the steam from boiling 
water under oil to obtain air-free water. 

The results of these experiments indicated that 
the density of ice at 0° was not less than 0 9172, 
and as greater efforts w r ere made to remove traces 
of gases the values obtained for the density in- 
creased. He concluded that the density of gas- 
free ice at 0° would probably bo 0 9170. 

It is of interest to note that Leduc considers that 
ice made from water which lias been merely boiled, 
as m the case of the Bunsen calorimeter, still eon- 
tarns about 1 c.cm. of gas per litre at atmospherics 
pressure. 

Another possible cause of the variations in density 
is the strains set up m the ice block on formation 
and which disappear m the course of time. 

§ (4) Joly’s Steam Calorimeter, (i.) The 
Method . — In the steam calorimeter devised by 
Joly 3 in 1886 the heat necessary to raise the 
temperature of a body from the air temperature 
to 100° is measured by determining the weight 


2 Phys Rev , 1902, xv, 

3 Proc . Roy. Soc ., 1880, xli. 852. 
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of steam which must be condensed into water 
at 100° to supply this heat. 

The instrument, especially in its -differential 
form, has been found very useful for special 
purposes. But the experience of most users 
indicates that the condensation method is 
more troublesome to use than the method 
of mixtures for the determination of the 
specific heats of solids and liquids. In the 
hands of Joly, however, the steam calorimeter 
has produced data of fundamental importance 
concerning the specific heat of gases at constant 
volume. 

One disadvantage of the condensation 
method is the fact that less than 2 milligrams 


becomes at once filled with saturated vapour 
Condensation immediately begins on the sub- 
stance and the resulting water is caught m the 
pan, weights being added to the other pan of the 
balance so as to rcstoie equilibrium. During 
the process of weighing, the steam is passed 
through very slowly (by opening an escape 
tube leading from the boiler) into the calori- 
meter, so as to avoid disturbance of the pan. 

After four or five minutes the substance 
has generally attained the temperature of the 
steam, and the condensation is completed. 
The pan then ceases to increase sensibly in 
weight, and the equilibrium of the balance 
is maintained permanently. A very slow 



of water is deposited per caloric, and conse- 
quently it necessitates accurate weighing. 

(ii.) The Apparatus . — The simplest form of 
July’s apparatus consists essentially of a 
steam chamber of thin metal in which is 
suspended from the arm of a balance a small 
platinum pan (Fig. 3), carrying the substanoo 
under test. 

Steam can bo turned on to this chamber, 
as indicated, and escapes through a pipe at the 
base. 

It is essential to arrange the inlet valvo so 
that the steam can be admitted rapidly for 
reasons which are explained later. 

(iii.) Method of Experiment . — The substance 
is weighed with air in the chamber and the 
temperaturo carefully noted Steam in the 
meantime is got up in the boiler, and is 
suddenly admitted, so that tho whole chamber 


increase of three or four milligrammes per 
hour (duo to radiation) is, however, noticed. 
Lot 0 % bo tho temperature of the steam and 
L its latent heat. If w is tho increase of 
weight tho quantity of heat given out by tho 
condensation is wL, and this is expended m 
raising tho substance and the pan from 9 t to 
0 a . If W be tho weight of tho substance, and 
s its specific heat, tho heat acquired by tho 
substanco will be Wa r(0 a ~ &i)» and that 
acquired by the supporting pan will be 
/e(0 2 - 0 X ), whore h is tho thermal capacity of the 
pan, that is, tho quantity of heat necessary 
to raise its temperature 1° 0. Hence wo have 

W «(^-^) + Wa-^)=*rL. 

The quantity k is determined by a previous 
observation, and the temperature 0 2 is found 
either directly, by a thermometer inserted in 
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the steam-chamber, or by means of Regnault’s 
tables and a reading of the barometer. 

For extreme accuracy a small correction is still 
necessary. The weight W of the substance is found 
m air at $ l9 and the weight w is found when the 
substance and pan are m steam at 6 Z . The weight 
of steam per cubic centimetre at 100° is little more 
than half that of air at ordinary temperatures , for 
this reason the weight w is greater than the weight 
of vapour condensed by excess m weight of a volume 
v of air at 8 X over the same volume of steam at 0 Zi 
where v is the volume of substance and pan together. 
The difference of weight of a cubic centimetre of air 
at 15° C. and a cubic centimetre of steam at 100° is 
*000036 gram, according to Rcgnauit ; hence the 
conection to be applied to w is 00003Gu. 

This correction being applied, the weight of 
water condensed is determined, but it must be 
remembered that the weighing is made in steam, 
and, if extreme accuracy be desired, it is still 
necessary to multiply by the factor 1*000589, 
in order to reduce the weighing to vacuum. 
The actual weight m a vacuum of the water 
condensed will therefore be 

l-000689(w-0-000636w), 
so that s is determined from the equation 
(Ws+k)(8o - = 1-000589(7(7 -0-000636w)L. 

Reference should be made to § (6) of the 
article on “ Latent Heat ” for values of L. 

In order to avoid the condensation of steam on the 
suspending wire, where it leaves the steam chamber, 
it passes, not through a small hole in the metal, but 
through a small hole pierced m a plug of plaster of 
Paris. Without the plaster the steam condenses on 
the metal and forms a drop at the aperture through 
which the suspending wire passes, and destroys the 
freedom of motion of the wire and prevents accurate 
weighing With the plaster of Pans plug no such 
drop collects, and the weighing can be performed 
with accuracy. In his later experiments, Piofessor 
Joly placed a small spiral of platinum wire around 
the suspending wire just outside the aperture, and 
by passing an electric current tlnough the spiral, 
sufficient heat is produced to prevent condensation 
on the suspending wire in the neighbourhood of the 
aperture Besides accuracy m weighing, a point 
of prime importance is the rapid introduction of the 
steam at the beginning of the experiment. When 
the steam first enters the calorimeter, partial con- 
densation occurs by radiation to the cold air and the 
walls of the chamber. Some of the condensed 
globules may fall upon the substance and lead to an 
error in the value of s. If tho steam enters slowly 
this error may be large, and it is therefore important 
to fill the chamber at once with steam This 
necessitates a good supply of steam and a large 
delivery tube, but when the chamber is well filled 
with steam a very gentle afterflow suffices If the 
steam supply be cut off, the weight of condensed 
vapour slowly diminishes. This arises from the 
distillation over to tho colder walls of the chamber, 
and if the steam be again turned on the weight 
increases. 

The error arising from the deposition of condensed 


globules on the pan during the initial stages of the 
experiment is somewhat counterbalanced by radia- 
tion from the steam to the substance. 

§ (5) The Differential Steam Calori- 
meter for the Determination of Specific 
Heats of Gases at Constant Volume. — In 
the differential 1 form of the steam calori- 
meter the correction for the weight of steam 
displaced by the pan is eliminated. In this 
form (Fig. 4) two similar pans hang in the 
steam chamber, one suspended from each 
arm of the balance so as to counterpoise each 
other. The Ijiermal capacity of the pans 
can be made equal, so that the term with h 
as a coefficient does not appear in the equation, 
and the radiation error will also disappear 
as it will cause equal condensation on tho 
two pans. 

The chief use of the differential form is, 
however, its application to the calorimetry of 
gases. Dor this purpose the pans are replaced 
by two spherical shells of copper, one contain - 
ing the gas at a known temperature and the 
other empty. The spheres are furnished with 
small pans, or “ catch- waters,” to collect the 
water resulting from condensation. Greater 
condensation occurs on the sphere which 
contains the gas, and the excess gives the 
quantity of heat required to heat the contained 
mass of gas from to 0 2 . This determines 
the specific heat of the gas at constant volume. 
The great advantage of the differential calori- 
meter is that any source of error common 
to the two spheres is eliminated, and tho 
gas or other substance enclosed m one 
of them merely bears its own share of error 
and not that also of the containing sphere. 
Thus the effect is practically the same as if 
the gas were contained m a vessel of zero 
thermal capacity m the single steam calori- 
meter form. 

The spheres employed by Professor Joly 
were of copper and about G*7 cm. in diameter, 
the one containing the gas being made to 
stand a safe working pressure of about 35 or 
40 atmospheres. If at the beginning of the 
experiment this space is filled with air at about 
22 atmospheres at Q 1 the pressure will rise 
to about 30 atmospheres at 0 2 . In one ex- 
periment 2 the weight of air contained was 
4 2854 grams. The condensation observed as 
due to the air was 0*15217 grams. This 
required a correction to compensate for tho 
difference in weight of the spheres. Tho 
corrected value was 0 11629, tho range of 
temperature, 0 2 - 9 V being 84*52° 0. In a 
series of six experiments tho mean precipita- 
tion per degree centigrade was 0*018004. 

The following corrections arc also necessary : 

(a) Correction for the thermal expansion 
of the vessel, and the consequent work done 

«T .Toly, Proc. Roy Soc ,, 1880, xlvii. 218. 
a Phil. Trans . A, 1891, clxxxii. 98. 
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by the gas in expanding to this mereased 
volume. 

(b) Correction for the dilatation of the 
sphere under the increased pressure of the 
gas as the temperature rises 

(c) Correction for the thermal effect of 
stretching of the material of the sphere. 
(Wires are generally cooled by sudden exten- 
sion, but the cooling of the copper in this case 
is too small to merit consideration.) 

(d) Correction for displacement or buoyancy 
arising from the increased volume of the 


0 1721. For carbon dioxide, the change with 
pressure is shown by the following table : 


Table III 


Pressure in 
Atmospheres. 

Density. 

Cv. 

7*20 

0*011530 

0 16841 

12*20 

0 019950 

0 17054 

16*87 

0 02S498 

0 17141 

20 90 

0 036529 

0 17305 

21*66 

0 037802 

0 17386 




sphere, both m the air at d x and in the steam 
at 0.J,. 

(e) Correction for unequal thermal capacities 
of the spheres. 

(/) Reduction of the weight of the precipita- 
tion to vacuum. 

Professor Joly’s experiments show that in 
the case of air and carbonic acid the specific 
heat increases with the density, but with 
hydrogen the opposite seems to be the case. 

For air the specific heat at constant volume 
at a mean pressure of 19*51 atmospheres, and 
a mean density of 0*0205, was found to be 


The mean result of the experiments on 
hydrogen gives a specific heat 2*402. 

§ (6) Dewar’s Liquid Air and Hydrogen- 
Calorimeter. — Dewar 1 has devised a calori- 
meter based on an analogous principle to the 
steam calorimeter in which he employs one of 
the liquefied gases as calorimetric substanee. 
Whilst Joly’s calorimeter depends upon con- 
densation on a cold object, Dewar’s calori- 
meter depends on the evaporation as a means 
of absorbing heat from the hot object. Instead 

1 Proc Roy. Soe. A, lxxvi. 325 ; Roy. Inst. Proc.. 
1904, xvii. 581. 
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of weighing the quantity of gas evaporated, lie 
determines the volume of gas given, off from 
the liquid which, of course, is at its boiling- 
point. Now the choice of liquefied gas to be 
employed as calorimeter substance is deter- 
mined mainly by two considerations : 

(а) The quantity of gas given off by 
evaporation on the absorption of one calorie 
of heat, and 

(б) The range of temperature available 
through which substance is cooled. 

The table below summarises the data for 
some of the possible gases : 


It will ho observed that oxygen gives off 
13 2 c.c. per calorie whilst ethylene gives 
only 7. Hydrogen gives off 88 9 c.c. and is 
particularly advantageous but for the fact 
that the manipulation is difficult. Although 
nitrogen is a little better than oxygen, it is 
preferable to use the latter for the following 
reason. The boiling-point of air is below that 
of oxygen. Even if there is no layer of cold 



oxygen or gas on the surface of the liquid 
oxygen, the air coming in contact with it 
through the neck of the calorimeter would 
still remain gaseous; but if liquid nitrogen 
is used as calorimetric substance, air, being 
heavier than nitrogen but having a higher 
boilmg-pomt, would, in falling down the neck 
of the calorimeter, come m contact with the 
cold gaseous nitrogen and be condensed. 

§ (7) The Liquid Oxygen Calorimeter. — 
It consists essentially of a large vacuum 
vessel A (Fig. 5) capable of holding two or 
three litres, into which is inserted the calori- 
meter, a smaller vacuum vessel B of 25 to 


50 c.c. capacity, which has been sealed on to 
a long narrow tube G, projecting above the 
mouth of A, and held m its place by some 
loosely packed cotton-wool. From the side 
of this narrow tube, either before or after 
passing out of A, a branch tube E is taken off 
to enable the volatilised gas from the calori- 
meter to be collected in the receiver F, over 
water, oil, or other suitable liquid. To the 
extremity of the projecting tube G a small 
test-tube 0, to contain the portions of material 
experimented on, is attached by a piece of 
flexible rubber-tubing D, thus forming a 
movable joint, winch can be 
bent so as to tilt a few of 
the small pieces of substance 
contained m C into the calori- 
meter, and which afterwards 
assumes a position of rest 
somewhat like that in the 
diagram. 

With care it is possible to tilt 
a single piece at a time from C 
into B, but an improved form 
of this receptacle is shown at 
CjD^ In it, P is a wire movable 
through the cork Q, fitted into the mouth of the 
test-tube C 1? attached by a branch through the stiff 
rubber tube D x to the end of G, as before. At 
the end of the wire P is a hook, by which one piece 
of the substance at a time can be pulled up and 
dropped into B When no other arrangements are 
made, the portions of matter experimented on <ue 
at the temperature of the room , but when lower 
temperatures are required initially, a vacuum vessel 
H, containing either solid carbonic acid, liquid 
ethylene, air, or other gas, can be placed so as to 
envelop the test-tube C or Cj ; or if higher tempera- 
tures are required, the surrounding vessel may be 
filled with the vapour of water or other liquids. 

Now, when a quantity of liquid air has been under- 
going volatilisation for a time, as the nitrogen Evapor- 
ates more quickly than the oxygen the boilmg-pomt 
rises slightly. Two points require attention m 
consequence of this : first, the maintenance of a 
constant temperature of the liquid air during any 
one senes of experiments ; next, the prevention of 
a tendency for the calorimeter B to “ suck back ” 
some of the already volatilised gas Hence the 
exterior vessel A should be filled with a large 
quantity — some two lities — of old liquid air, con- 
taining a high percentage of oxygen, and the calori- 
meter itself should be filled with some of the same 
fluid. This will maintain very closely the constant 
temperature required. When any “ sucking back ” 
seems to be taking place, the calorimeter should bo 
emptied and filled anew from the larger flask A. 
The tube between the calorimeter and the gas receiver 
should be of the size of wide quill tubing, and its 
lower end should be so arranged below the surface 
of the liquid in the collecting vessel as to give no 
resultant pressure. With such precautions, results 
may easily be obtained correct to within 2 per cent. 

The instrument having been set up and filled 
with liquid air, an experiment is conducted 
by tilting up the little test-tube, previously 


Table IV 


Liquid Oases 

Roiling- 

point 

Liquid Volume 

1 Giam at 
Boiling-point 

111 c (' 

Latent Hu.it 
in Giam- 
oalories 

Volume of Gas at 
(1° and 7(50 mm 
pel Graiu- 
ealoi le in c c 

Sulphurous acid 

+ 10 0° 

07 

97 0 

3 6 

Carbonic acid 

-78 0 

0 05 (solid) 

142 4 

36 

Ethylene . 

-103 0 

17 „ 

119 0 

7 0 

Oxygen . 

-182 5 

0 9 „ 

53 0 

13 2 

Nitrogen 

— 195 -G 

[13 „ 

50 0 

15 9 

Hydrogen . 

-252-5 

14 3 „ 

125 0 

88 9 
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cooled or heated, thereby dropping into the 
calorimeter a portion of any substance previ- 
ously weighed. The substance in this way 
falls from the temperature of the room to 
that of liquid air. The heat given up by it 
volatilises some of the liquid, which is earned 
off by the branch tube and measured m the 
graduated receiver F. Immediately preceding 
or following this observation, a similar 
experiment is made with a small portion of 
a selected standard substance, usually lead. 
The quantity of lead is so chosen as to produce 
about the same volume of gas in the receiver 
as that supplied by the portion of substance 
experimented on By this means the circum- 
stances of the two observations are made as 
similar as possible, and thereby many sources 
of error are eliminated. 

§ (S) Liquid Hydrogen Calorimeter. — 
In 1913 Dewar 1 further developed the 
method so as to adapt it to the range of 
temperature between the boiling-points of 
liquid nitrogen and hydrogen : from - 190° to 
-.253° C., a range of only 57°. 

The liquid hydrogen calorimeter is a glass 
cylindrical bulb vacuum vessel A (Fig. 6) of 
50 c c. capacity, silvered, with \ cm. slit. On 
the neck is sealed a glass tube B. This 
projects through the brass coned fitting cap 
F of an ordinary slit silvered vacuum vessel 
in which it is supported. A side delivery 
tube, provided with stopcock I), is sealed 
near the top of B. A short length of rubber 
tubing on the neck of F makes a gas-tight 
joint with B. To minimise splashing, and to 
reduce the impact of the falling pieces, a thin 
strip of German silver or lead E, bent out 
near the top mto a shoulder about 1 cm. 
square, stands centrally in the calorimeter A. 
The strip is cut from a thin tube of about the 
same diameter as the calorimeter neck. A 
short length of the tube is left above the 
shoulder, and supports the strip by fitting 
loosely into the neck of A. Romo such 
device is essential in the use of this form of 
the liquid hydrogen calorimeter. 

The calorimeter m its turn is immersed in 
liquid hydrogen in the supporting vacuum 
vessel C, the neck of the calorimeter being 
8 to 10 cm. below the liquid hydrogen surface. 
The vacuum vessel G is only slightly wider 
than the lower part of A, and is provided 
with a coned cap F, whereby it is also 
supported and completely immersed in a 
wider vacuum vessel G containing liquid air. 
G is also fitted with a brass conod cover, 
fitting vacuum-tight on to the cap F on 0. 
Both caps are pierced by two thin tubes, one 
for fitting on to the filling syphons, tho other, 
bent at right angles, serving for connecting to 
the exhaust in the case of the liquid air vessel, 
and in the case of the liquid hydrogen to tho 
1 Proc Roy . Soc 1913, lxxxix 158. 


stopcock leading the evaporating hydrogen 
through tho upper part of the apparatus. 

This arrangement thus charged only needs a little 
liquid air sucked m every one and a half hour. The 
liquid hydrogen vessel will not need replenishing for at 
least four hours. The level of the liquid hydrogen m 
the calorimeter does not fall 1 cm m six houis with 
constant u«c The bulk of tho materials added roughly 
compensates for the volume ot 
the liquid hydrogen evaporated. 

It is impoitant that this level 
should not materially change, 
since, after sinking the shouldei, 
bodies move more slowly, arc 
deflected on to the cold wall, 
and low results 
are obtained duo 
to tho longer 
cooling of the 
materials m the 
vapour bo! ore 
being immersed 
m the liquid 
hydrogen. 



Fig. 6. 


The isolation of tho calorimeter was such that less 
than 10 o.o. of hydrogen gas was evaporated from it 
per mmuto. Tho whole apparatus is supported be- 
tween the cork-lined spring jaws mounted on a heavy 
metal base on which tho outer vacuum vessel rests. 

Tho cooling vessel H is connected by an 
india-rubber tube to tho top of tho calorimeter. 
It consists of an ordinary cylindrical silvered 
vacuum vessel, 20 cm. long and 7 cm. wide, 
with a central axial open tube K soaled in 
below. This tube passes through the liquid 
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in the vacuum vessel. It lias the same 
diameter below as the neck tube of the calori- 
meter. Near the top of the central tube a 
side tube J, of about the same diameter and 
some 3 cm long, serves for the introduction 
of the weighed pieces of material, which are 
all cooled previously to the temperature of 
liquid air, and then fall on to a thin metal 
disc P fitting loosely the tube K, where they 
remain about 15 minutes P is supported by 
being hinged to two thin ebonite rods, L and 
M, fixed to a brass fitting cemented on to 
the top The rod L is not fixed directly to 
the disc but to a metal ring R From the 
ring R two thm vertical steel wires are 
connected freely to two points on the circum- 
ference of the pan below. This rod and the 
attached ring can be given a vertical motion 
by a crank N m the top fitting, thereby 
tipping the pan and releasing the piece of 
material, which then falls freely down into 
the calorimeter. A high vacuum is maintained 
by a cross-tube S, opening to the annular 
space, filled with charcoal. 

At the temperature of boiling nitrogen, the con- 
vection cunents m the central tube of Kueh a vessel, 
when connected to the calorimeter below, have no 
serious effect on the temperature m the tube at a 
reasonable distance from the bottom, provided the 
central tube be not wide. With a larger pattern vessel 
the width of the central tube was increased to 2 2 cm., 
and even here the difference was under 3° at the level 
of the pan. These temperatures were measured by 
a small helium thermometer, consisting of a 4-c.c. 
bulb to which was sealed a small mercury manometer 
of fine capillary tubing. 

The hydrogen evaporating from the liquid m the 
vacuum vessel C,m which the calorimeter is immersed, 
is employed m the interval of observations to main- 
tain a hydiogen atmosphere through the neck of the 
calorimeter and the connected measuring tubes. 
Risk of solid air in the calorimeter neck is thus obvi- 
ated. A simple arrangement of a three-way cooling 
vessel allows this to bo manipulated 

Tiie vessel V consists of a glass tube 8 cm. 
m diameter and 40 cm. long, open at the 
bottom and provided with a wide T-piece at 
the to]). The tube is immersed to the neck 
in water in a glass cylinder, and is counter- 
poised by a weight and cord running over a 
pulley just above. It is thereby readily 
raised during the time gas is being evaporated 
from the calorimeter ; this ensures that no 
back pressure is produced. One arm of the 
T-pieco is open and connects to the stopcock 
D on the calorimeter neck ; the other is 
provided with another small stopcock and 
connects to a 200-c.c. gas burette W similaily 
immersed in water. This latter stopcock is 
closed while the gas evaporated during an 
experiment is collected. 

These arrangements are necessary to secure the 
minimum impediment to the evaporating hydrogen, 
which is usually evolved in less than 10 seconds, any 


temporary back pressure being fatal to concordant 
results. At least 15 seconds are allowed lor collect- 
ing the gas given off, and even longer, m some cases, 
with badly conducting bodies, 

As far as possible the materials used were cast 
in the forms of spheres about 8 mm diameter 

In the case of liquid bodies, the mould was 
first cooled by liquid air. Frequently liquids 
were frozen into solid cylinders in thm glass 
tubing, and pieces cut off after removing the 
glass mould. The metallic materials were 
in some cases fused into buttons of convenient 
weight in an exhausted quartz tube. The 
lead, however, ot which many pieces were 
required, -was cut from rod, and subsequently 
squeezed in a small spherical mould. 

Volatile bodies were weighed at a low 
temperature on a light German silver pan 
suppcutcd by a thin platinum wire suspension 
from the balance pan about 2 cm. above the 
level of liquid air contained in a wide deep 
vacuum vessel. Some materials would not 
make coherent bullets or cast sticks, and these 
were filled into very thin-walled cylindrical 
metal capsules. 

In order to obtain consistent results it is 
necessary to employ exactly the same pro- 
cedure m each test, but with this apparatus 
Dewar was able to obtain results which rarely 
varied among themselves by more than 2 or 
3 per cent. 

The data thus obtained for the mean specific 
heats of 53 elements at about 50° abs are 
summarised in Table V. 


Table V 


Element 

Atomic 

Weight 

Specific' 

Heat 

Atomic 

Heat. 

Lithium . 


7-03 

0 1924 

135 

Glucinum . 


9 1 

0 0137 

0-125 

Boron . 


11 0 

0-0212 

0 24 

Carbon (Acheson graphite) 

12 0 

0 0137 

0-16 

Diamond . 


12 0 

0 0028 

0 03 

Sodium 


23 0 

0 1519 

3 50 

Magnesium 


24 4 

0 0713 

1 74 

Aluminium 


27 1 

0 0413 

1 12 

Silicon, fused, elec 

erne. 

28 4 

0 0303 

0 86 

„ crystallised 


28 4 

0 0271 

0*77 

Phosphorus (yellow) 


31 0 

0 0774 

2 40 

„ (red) 


3L 0 

0-0431 

1-34 

Sulphur . 


32 

0 0540 

1 75 

Chlorine . 


35 45 

0 0907 

3-43 

Potassium 


39-15 

! 0-1280 

5-01 

Calcium . 


40 1 

0 0714 

2-86 

Titanium . 


48-1 

0-0205 

0*99 

Chromium 


52-1 

0 0142 

0 70 

Manganese 


55 

0-0229 

1 26 

Iron .... 


55 9 

0 0175 

0 98 

Nickel .... 


58 7 

0 0208 

1-22 

Cobalt .... 


59*0 

0 0207 

1*22 

Copper 


03 0 

0 0245 

1 56 

Zinc .... 


05 4 

0 0384 

2-52 

Arsenic . . . 


75-0 

0-0258 

1*94 

Selenium . . 


79 2 

0 0361 

2 86 
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Table V — continued 


Element 

Atomic 

Weight 

Specific 

Heat 

Atomic 

II cat 

Bromine . 




79 90 

0 0453 

3 02 

Rubidium 




85 l 

0 0711 

0 05 

Strontium, impure 



87 0 

0 0550 

4 82 

Zirconium 




90 0 

0 0202 

2 38 

Molybdenum . 




90 0 

0 0141 

1 30 

Ruthenium . 




101 7 

0 0109 

1 11 

Rhodium . 




108 0 

0 0134 

i 38 

Palladium 




100 5 

0 0190 

2 03 

Silver . 




107 98 

0 0242 

2 02 

Cadmium . 




112 4 

0 0308 

3-40 

Tin . . . 




119 

0*0280 

3 41 

Antimony 




120 2 

0 0240 

2 89 

Iodmo 




120 97 

0 0301 

4 59 

Tellurium . 




127 6 

0 0288 

3*08 

Caesium . 




132-9 

0 0513 

0 82 

Barium, impure 




137 4 

0-0350 

4 80 

Lanthanum . 




138 9 

0-0322 

4 00 

Cerium 




140 25 

0 0330 

4 04 

“ Didynuum ” 




142 

0 0320 

4 03 

Tungsten . 




184 

0 0095 

1 75 

Osmium . 




191 0 

0 0078 

1 19 

Indium 




193 0 

0 0099 

1 92 

Platinum . 




194 8 

0 0135 

2 03 

Cold . . . 




197 2 

0 0100 

3 10 

Mercury . 




200 

0-0232 

4-05 

Thallium . 




204-1 

0 0235 

4 80 

Lead . 




207 

0 0240 

4 90 

Bismuth . 




208 

0 0218 

4 54 

Thorium . 




232-5 

0 0197 

4 58 

Uranium . 




238 5 

0 0138 

3 30 


The interesting fact discovered in the 
course of this investigation was that the atomic 
heats were periodic functions of the atomic 
weight, and the curve resembled, generally, 
the well-known Meyer atomic volume for the 
solid state, E. o. 

CALORIMETRY, METHOD OF MIXTURES 

§ (1) Introduction. — Calorimetric apparatus 
assumes the most diverse form, each typo char- 
acterised by certain features, which adapts it 
especially for a particular class of measurement. 

For the determination of the mean specific 
heat of a substance over a rango of temperature 
or for the determination of the heat of com- 
bustion of a fuel the Method of Mixtures 
is a convenient one to employ and is probably 
the best known of all calorimetric methods. 

§ (2) The Method op Mixtures. — The prin- 
ciple of this method is to impart the quantity 
of heat to be measured to a known mass of 
water contained in a vessel of known thermal 
capacity, and to observe the rise of tempera- 
ture produced ; from which data, as explained 
in detail farther on, the quantity of heat can 
be calculated. This method is the simplest of 
calorimetric methods, but is not the most 
accurate. Heat is lost in transferring the hot 
object to the calorimeter, and although it can 
be minimised by arranging that the transfer 


takes place rapidly, it cannot be eliminated or 
even accurately allowed for. Some beat is 
lost when the calorimeter is raised above the 
temperature of its enclosure and before the 
final temperature is reached. This can be 
roughly estimated by observing the rate of 
change of temperature and assuming that the 
beat loss is directly proportional to the 
duration of experiment and to the average 
excess of temperature. The accurate deter- 
mination of tins correction is of fundamental 
importance m this method and a detailed 
discussion of it will be given. It is always 
desirable to diminish the loss of heat as much 
as possible by polishing the exterior of the 
calorimeter to diminish radiation, and by sus- 
pending it by non-conducting supports inside 
a polished case to protect it from draughts. 
It is also very important to keep the surround- 
ing conditions as constant as possible through- 
out the experiment. This may be secured by 
using a largo water- bath around the apparatus, 
but in expei iments of long duration it is 
advisable to use an accurate temperature 
regulator. The method of lagging the calori- 
meter with cotton-wool, which is olten re- 
commended, diminishes the heat loss con- 
siderably but renders it very uncertain, and 
should never be used in work of precision, since 
tho bad conductors take so long to reach a 
steady state that the rate of loss depends on 
tho past history more than on the temperature 
of tho calorimeter at the moment. A more 
serious objection to the use of lagging of this 
kind is the danger of its absorbing moisture. 
The least trace of moisture in the lagging may 
produce serious loss of heat by evaporation. 

Rcgnault about 1840 made a careful study 
of tho Method of Mixtures, and by skill and 
attention to detail ho obtained by means of 
it a valuable series of thermal data. It is 
only within comparatively recent years that 
any material improvements on Rcgnault’s 
apparatus have been effected. 

§ (3) Theory of Method op Mixtures. — 
It will bo assumed that tho cases under con- 
sideration are those of solids and liquids. 
Tho determination of tho specific heats of gases 
requires especial consideration and is dealt 
witii in a separate section. 

Let M = mass of heated body, 

0 = temperature of heated body at the 
moment of its immersion in the 
water of tho calorimeter, 

W = mass of water employed, 
t = temperature of water when the body 
is immersed in it, 

T = temperature when the thermal equi- 
librium is established between the 
body and the water, i.e. when 
temperature of water ceases to 
rise (or sink if the body was cooler 
than tho water). 
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No\v if 5 = mean specific heat of water be- 
tween T and t, and S = specific heat of the body 
between 6 and T, we get 

MS(0-T) = Ws(T-«), 

_Ws(T-t) 


and 


S = 


M(d-T)' 


(“) 


This gives the calorimetnc equation for the 
method of mixtures in its very simplest form ; 
for practical working several corrections are 
necessary. 

(i.) For W we must substitute another 
magnitude W 1 such that W 1 =W + mass of 
water, having the same heat capacity as con- 
taining vessel, stirrer, and all parts whose 
temperature is seriously affected : 

I.e. if [i — mass of metal reservoir, stirrer, etc., 
and «s 1 =mean specific heat of this metal 
between T and t , 

Wj=W+^, 


and in this case equation (a) becomes 

WiS(T~*) 

M(0-T)’ * ‘ 


• (*) 


Sometimes the substance has to be supported 
in a receptacle, and if we put a --water- 
equivalent of such receptacle and taking 5 = 1 
within the limits of the experiment, we get 


„ Wi(T ~t)_a 
M(0-T) M* * 


(«) 


Where the results are to be as accurate as 
possible, equation (c) takes a more complicated 
form. In addition to the magnitudes already 
represented, we have to take account of the 
thermal capacity of the thermometers, etc. 

In addition to these corrections dependent 
on the nature of the various parts of the 
apparatus, there is the cooling correction for 
the loss of heat from the calorimeter to its 
surroundings. 

§ (4) Modern Apparatus for the Method 
or Mixtures. — The complete outfit required 
for experiments with the method of mixtures 
consists of the following elements, which will 
be considered individually : 

(i.) The calorimetric vessel and the device 
for mixing the contents. 

(ii.) The jacket enclosing the calorimeter, 
(iii.) The thermometer for measuring the 
temperature rise of the water. 

(iv.) The appliance for heating or cooling 
the charge (in specific heat determinations). 

§ (5) Calorimeter and Stirrer, (i.) The 
Calorimeter . — The calorimeter is usually made 
of pure copper, nickel plated and polished so 
as to reduce radiation to a minimum 

The use of a vacuum jacket as a calorimeter is not 
to he recommended for ordinary work. Undoubtedly 
it is possible by means of it to reduce the magnitude 
of the cooling rate, but this advantage is more than 
counterbalanced by the disadvantages of this form 


of contamei due to its brittleness, the lag of the 
poitions of the glass walls above the suilaee ol the 
water, the difficulty of ascertaining its heat equivalent 
and of keeping it constant-. 

Under certain circumstances the use of 
water or other calorimetric fluid becomes im- 
practicable. Hence sonic investigators have 
employed as calorimeter thick-walled metallic 
cups and trusted to the high coefficient of heat 
conductivity of the metal to equalise th' 4 
temperature. These specialised forms of oaloix- 
meters are described later 

(ii.) The Stirrer . — Stirrers vary considerably 
m design according to the specific purpose 
for which they are required. A typical 
form is illustrated m Fig. 1 ; hero a 
screw is employed for stirring the contents. 
The vessel is constructed with an oo - shaped 
cross-section, the stirrer being contained in a 
tube which is connected 
with the mam tube at the 
top and bottom. By this 
arrangement it is possible to 
ensure a stoady circulation 
through the calorimeter, and 
it is advisable to direct the 
stream as smoothly as pos- 
sible by suitably curved 
passages. 

In the design of such a 
calorimeter particular at- 
tention must be given to the 
provision of wide passages for the circulation 
of the water and care taken to avoid as far 
as possible dead spaces It might be re- 
marked that this method of stirring has been 
found to be the most reliable for comparison 
baths for mercury thermometers and is much 
superior to a plain screw in a vessel of liquid. 

White 1 adopted a somewhat similar form 
of calorimeter for his experiments on the 
specific heat of silicates at high temperatures. 
The charge, contained in a platinum crucible, 
was dropped directly from the furnace into the 
calorimeter 

It will be observed from Fig. 2 that the 
cover W is in actual contact with the water 
to ensure temperature equilibrium The an- 
nular space under tlio cover permits the water 
to vary somewhat in amount without over- 
flowing or failing to wet the cover, while the 
weight of the cover (70 grm.) prevents it 
from being floated out of the place when the 
water is high. An approximate preliminary 
adjustment of the amount of water is of course 
necessary, and is very easily obtained. Evap- 
oration through the joint is about 7 mg. an 
hour, which is not likely to produce apjireeiablo 
erron An oil seal gives very little trouble, 
and is used whore maximum accuracy is 
desired. 

•nl"™?? 6 Cal orimetric Apparatus” Phy. Rei\, 
Dec. 1910, xxxi. Jtfo. 6. 
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Complete enclosure of the calorimetric vessel, 
with the possibility of quick opening and clos- 
ing, and thorough circulation without much 
heating, are the main requirements. 

Tn Fig. 3 a totally different type of stirrer is shown 
where the contents are mixed by a flat paddle of 
annular form which 
has a reciprocating 
motion m the liquid 
In order to avoid 
pumping air in and 
out of the calorimeter 
by tho reciprocating 
motion two small 
rubber bellows are 
fixed as shown with 
the end of the stirrer 
rod attached to tho 
mid-point. The com- 
pression of the one 
bellows is compen- 
sated for by the ex- 
tension of the other 
This device is duo 
to Professor E. H. 
Griffiths. 



A, vertical section; A", hori- 
zontal section. The position 
ot the crucible is shown by the 
dotted lines. 


The method of 
stirring demands 
tho most careful 
consideration in any arrangement that may 
be adopted Vigorous stirring of the water 
is necessary to keep the calorimeter at a 
uniform temperature throughout while the 
heat is being rapidly supplied to it. There 
are two distinct functions 
of a stirror, mechanically 
more or less incompatible : 
First, the whole mass of 
liquid in a calorimeter must 
be circulated, so that there 
are no stagnant portions; 
and second, there must be 
thorough mixing of tho 
different portions of tho 
liquid in order that a 
measurement of its mean 
temperature may bo ob- 
tained with a thermometer 
of convenient sixe. 

The reciprocating paddlo 
form of stirrer mixes 
thoroughly tho smaller 
portions of the liquid but 
produces little positive circulation, so that 
certain portions of the liquid may be left 
nearly stagnant. Tho screw propeller type of 
stirrer, on the other hand, properly applied, 
produces a rapid circulation of the whole mass 
of liquid, but may not mix so thoroughly the 
different portions, i.e. it permits of definite 
stream lines. Such a stirrer can he mounted 
on a very small shaft and in such a way as 
not to promote evaporation. 

The tendency at the present day is to employ 



Pig. 3. 


a small propeller driven continuously by a belt 
from a small electric motor, but for occasional 
work a hand-operated stirrer is prefeired on 
account of its simplicity. 

The common type of stirrer, which is stand- 
ard on combustion outfits, consists of a copper 
annulus of such diameter that it loosely fits 
the inside of the calorimeter and is oscillated 
up and down by a rod. This form of stirrer 
is not to be recommended for the stem moves 
in and out of the liquid, promoting evapora- 
tions, which may be a serious source of 
error. 

The paddle form of stirrer shown in Fig. 3 avoids 
this defect. Another simple paddle form of stirrer 
is illustrated m Fig. 4. 

In tho top edge of the calorimeter two small notches 
are cut at opposite ends of a diameter. The stirrer 
consists of a thin horizontal copper rod bent to 
tho form shown and resting in the notches. Two 
thin copper plates are soldered to the rod while a 
small glass rod is cemented to form a handle. By 
giving the handle a to-and-fro motion the 
paddles move backwards and foi wards B 

through tho liquid and thus mix it up fairly 11 

thoroughly 

(ni.) Evaporation 
fiom Exposed Liquid 
S urf ace . — E x p e r i- 
once has shown that 
ono of the greatest 
sources of error in 
the Rognault form 
of calorimeter is the 
heat loss by evapora- 
tion from tho exposed 
water surface. Tho 
evaporation of 10 
milligrams of water Tig. 4. 

consumes (> calories, 

and since a calorimeter determination seldom in- 
volves a quantity of heat greater than (1000 calories 
an irregularity m the evaporation rate amounting 
to 10 milligrams introduces an error of one part in 
a thousand. 

Observations witli an open calorimeter of standard 
form have shown that a rate of evaporation of 10 
milligrams per minute is not unusual, and this 
involves a heat loss as great, on the average, as that 
from tho cooling by radiation, etc., besides being far 
more uncertain. 

Consequently, in ail precision work the calorimeter 
should bo closed by a fairly tight-fittmg cover so aH 
to chock tho loss by evaporation. 

Another precaution to be observed m tins con- 
nection is to prevent tho possibility of tho evaporation 
of small amounts of water from tho outside of tho 
calorimeter during tho oourso of tho experiment, as 
the error due to this cause may bo especially son o us 
on account of tho fact that the evaporation may be 
completed before tho cooling correction is determined 
and consequently no allowance made for tins heat 
loss. Two possible sourcos of such error should 
always be guarded against. 

(a) The presence of a minuto drop of water on 
the outside of tho calorimeter due to lack of care in 
filling. 
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(b) Absorbed moisture it the surface is hygroscopic. 
A tarnished copper surface 100 cm. square m area 
will absorb 7 milligrams of water m a saturated 
atmosphere at ordinary temperature, whilst a surface 
of polished nickel of the same size and under the 
same conditions will not absorb as much as 0 1 
milligram Hence it is always advisable to provide 
the calorimeter with a lid, although it wall be found 
that to close the calorimeter effectively the addition 
of a hd complicates the construction 
Even with the simplest form of apparatus a 
substantial improvement is produced by providing 
a hd of very thin metal havmg a slot to allow of its 
being removed for the introduction of the hot body 
without disturbing the thermometer 

§ (6) The Jacket surrounding- the Calo- 
rimeter. — White 1 during the course of his 
extended researches on the specific heats of 
the silicates has devoted much attention to 
the design of the 
calorimetric ap- 
paratus em- 
ployed, 

One form of 
jacket for main- 
taining a constant 
temperature en- 
closure around 
the calorimeter 
which he has de- 
scribed is shown 
in Fig. 5. The 
jacket is shown 
in section and 
also in top view, 
partly open 
Water is held up 
in the two halves 
of the cover, and 
i n the upper 
section of the 
chamber wall, by 




Fig 


T, lod on winch the top slides , 

S, stirrer pulley ; e, groove tor atmospheric pres- 
passage ot theimoeleetric ther- On Uvintr 

mometor , W, water level sure * Un leavm 8 

the propeller the 
water divides and passes across through the 
three upper passages, and then returns through 
the lower space. Its circulation is directed by 
the partitions P and Q, of which Q runs nearly 
the whole length of the tank outside the 
chamber, as shown by the dotted line. The 
chamber is opened by moving the covers 
aside ; their down-turned ends then move in 
the troughs left at the ends of the tank. The 
covers slide upon the stout rod T. The pulley 
for the calorimeter stirrer, and the whole 
jacket stirrer, are borne on one half cover. 
This half is clamped firmly m place during an 
observation; moving aside the other fully 
exposes the calorimeter opening, 

(i.) Method of supporting the Calorimeter . — 
Heat transfer between the calorimeter and 
its jacket may take place in four ways — 

1 Lot. tit. 


by conduction, convection, radiation, and 
evaporation. The object of applying the cool- 
ing correction is to eliminate this 1 heat loss 
from the final result. 

Whilst in practice it is not necessary to 
study these effects separately, it might be re- 
marked that under ordinary conditions the 
greater portion of the heat transfer is due to 
convection and air conduction, the two together 
constituting about 80 per cent of the total. 

It is advisable to reduce the transfer by 
thermal conduction through the supports of 
the calorimeter to a minimum since it con- 
stitutes an uncontrollable source of error. 

Consider, for example, the case of a calori- 
meter supported within the enclosure on a 
sheet of cork or rubber. When the calorimeter 
and enclosure are at two steady temperatures 
the heat transfer is, by the laws of conduction, 
proportional to the temperature difference ; if, 
however, the temperature of the calorimeter 
is changing rapidly the rate of transfer is not 
even approximately proportional to the tem- 
perature difference. 

The following is a discussion of this source 
of error by Dickinson : 2 

Since the conductivity of such materials is 
always small, compared with that of the 
metallic sheets in contact with them, the 
temperatures of the surfaces may be taken, 
for the purposes of this discussion, as approxi- 
mately the same as the measured temperatures 
of the calorimeter and the jacket resj)ectively. 
The distribution of temperature in such a layer 
and the rate at which heat is leaving the 
calorimeter at any time may be then deter- 
mined from the following considerations : 

A sheet of material of thickness c hounded by 
plane surfaces % 0 and a 1 is initially at temperature 6 0 
If and 6q are each taken as 0 for convenience, and 
the temperature of one of the surfaces nc 1 is then 
caused to rise from to 0' m such a way that 
# = 0'(l-e~ af ), the temperature distnhution m this 
plate is given, by the following equation • 3 



Where a 2 is the thcrmomctric conductivity of the 
material, F(0 is the temperature of the face aq=c, 
taken here as &'(l - e” ai ). 

The point of interest in this discussion is the rate 
at which heat is leaving the calorimeter at any time, 
as this determines the value of the emissivity for 
the portion of the surface m question. If IV and 
c are each made unity, and the above expression for 
6 is differentiated with respect to x, the following 


Combustion, Calorimetry, and the Heats of 
Combustion of Cane Sugar, Benzoic Acid, and 
Naphthalene, Set. Paper Bur. Stds , 1911, No. 

p l5 yCrly * Founer>s Series and Spherical Harmonics , 
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expression ior the temperature gradient at any point 
m the material is found * 

dd -at 

dt =1 ~ e 

00 

4- 2^ ( — 1 ) m cos mirxie ~ a * — e “ — . 

1 - a 

The surface .r — 1 is the surface in contact with the 
calorimeter, so that substituting this value of x 
and the appropriate values for a 2 and a, the above 
expression gives the temperature gradient m the 
material in contact with the calorimeter, which is 
proportional to the factor k for this portion of the 
surface. 

As an example showing the effect of this hind 
of distribution of material, suppose that the calori- 
meter lests on a sheet of ^ebonito 1 cm. thick 
and that the temperaturo m the calonmotor 
rises quite approximately according to the relation 

= dt), where a=^0 03 1 and 0, 6 t , 

and d 1 lepresent, respectively, the temperature at any 
time, the initial, and the final temperature. The 
value of a 2 , the thormometrie conductivity, for 
ebonite is approximately 0 001 m C.(J >S. units. These 
quantities substituted m the above equation show 
that after GO seconds the rate of heat loss is 2*75 
times its final value, after 5 minutes the rate is 1 13 
times the final value, and only after 10 minutes does 
it come to within 1 per cent of its final value. If 
tho area m contact with such a sheet were a consider- 
able part of tho whole area of tho calorimeter, the 
error introduced from this cause evidently would be 
a very serious one. Such a distribution of material 
as hero discussed will also have an effect on the heat 
capacity of the calorimeter. 

This discussion shows that all non-conducting 
supports should be negligibly small, or, since tho 
thcrmometric conductivity « 2 =K/cp, tho absolute 
conductivity K, divided by the specific heat (c) and 
density (p), the material used for them should have a 
small density and specific heat. A form of support 
should therefore be employed, in which tho smallest 
possible mass of insulating material is used, with tho 
smallest possible area in contact with the calorimeter. 
The mass of such supports can readily bo made 
negligible compared with that of tho calorimeter. 

(n.) Supports and Space between, Calorimeter and 
Jacket . — To reduce errors due to the above cause 
to a minimum Dickinson 2 employed the following 
arrangement of supports for lus calorimeter. Tho 
supporting pieces (three in number) arc each made up 
of a brass cone soldered to tho bottom of tho jacket, 
and a small ivory tip about 2 mm. in diameter 
cemented into the end of the cone and resting agamet 
small plates (one with a hole, one with a slot, and tho 
third plane) on the bottom of tho calorimeter Tho 
thermal conductivity of tho ivory tips is small, and 
their total mass is not over 0*3 gm., so that their elTcct 
on tho cooling rate is too small to be significant. Tho 
brass cones, whilo they have a considerable mass, 
have a heat conductivity so great compared with the 
amount of heat which they can receive by radiation, 
convection, etc. (about 0-0001 calorie per square 
centimetre per second per degree temperaturo differ- 
ence), that their temperature is at all times measur- 

1 Value found by experiment by Dickinson for his 
calorimeter. 

a Loo. cit. 


ably that of the jacket, hence their effect is entiiely 
negligible, both as regards cooling rate and heat 
capacity. 

(in.) Heat Conduction along the Stirrer . — Tho steel 
stirrer shaft which enters the calorimeter should end 
just above it in a thin rubber sleeve, which should 
fit tightly over it and tightly within a larger steel 
piece coupled to the driving shaft It is evident that 
since the heat conductivity ot stool is many times 
greater than that of the hard rubber sleeve, tho 
temperatures of the two metal parts will remain 
very nearly the same as tho temperatures of tho 
calorimeter and the jacket respectively. The heat 
capacity of the i libber sleeve, some of which should 
be added to that of tho calonmetei, is insignificant. 

§ (7) Method oe calculating the Oooihno 
Correction, (i.) Rum ford. — Rumford was 
the first to introduce a method of correcting 
for tho heat loss from the calorimeter. His 
procedure was to make a preliminary experi- 
ment to ascertain approximately what tho 
rise of temperature would bo and then to 
cool tho calorimeter half tins number of 
degrees below tho temperature of the surround- 
ing atmosphere before tho next experiment. 

For example, lot 

Temperature of atmosphere = t°. 
Approximate increase — 2d. 

The calorimeter is cooled to ( t - 0)°, and tho 
heated body then introduced : the maximum 
temperature will bo approximately (t + 0)° 9 
and Rumford’s idea was that tho amount of 
heat gained by the calorimeter during the 
time its temperature was below t° will exactly 
compensate for tho amount lost by it while its 
temperature was above t°. Tins is approxi- 
mately true, but not quite so, owing to tho 
fact that the rate of increase of temperaturo 
diminishes very rapidly as tho heated body 
and tho water approach thermal equilibrium : 
thus, it may happen that the rise of tempera- 
ture from (t - 0)° to 1° will occur m less than 
20 seconds, while tho riso from t° to (t-\- 0)° 
will occupy over 100 seconds. 

(u.) Arithmetical Method of computing Heat Loss . — 
A far moro accurate, but not nearly ho easy a method 
of correction ih the following: Cool tho calorimeter 
several degrees below tho eneloHuro and take very 
careful roadinga at intervals of about 20 seconds 
before and after the introduction of tho hot body, 
and also after the establishment of thermal 
equilibrium between the hot body and the water. 
Lot 0, 0 lt 0 2 , . . . 0 n bo tho temperatures of tho 
calorimeter at tho beginning and at tho end of m 
periods of, say, 20 seconds each boforo the intro- 
duction of the hot body. 

Lot t, t v t 2 tp . . . l n bo the temperatures for n 
periods of equal duration after the introduction of 
tho hot body up to tho establishment of thermal 
equilibrium between the hot body and the water. 

Let T, Tj, T a . . . T r bo the temperatures for r 
similar periods after the establishment of thermal 
equilibrium . t n and T are virtually the same. The 
temperature t should not bo taken from the reading 
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of the thermometer, but should be calculated as 
follows 


During the first interval after the introduction 
of the heated body the mean temperature of the 
calorimeter has been t+tj 2, and if we put 
v for the change m the temperature of the calori- 
meter due to its surroundings we get for the first 
interval 


to its maximum value, the heat loss can be 
accounted for if the temperatuie is determined 
which the body would have attained if there 
had been no loss. The correction is obtained 
as follows : First make a senes of measure- 
ments of the temperature of the water of the 
calorimeter, before and after the charge is 
dropped in, together with the times. Then 
plot them graphically on a large scale as m 
Fig. 6. Five or ten centimetres to a degree 


where a and x have to be calculated. For the second 
interval we have 

{h+t 2 \ 

-x ) , 

where a and x have the same values as m the expres- 
sion for v x . Finally, 

/ tn-i \ 

- -x 1, 



so that between l and t n 

* * • tn^-nxj. 

The values of a and x arc found in the following 
way . Let (p represent the mean temperature of the 
calorimeter before the introduction of the hot body, 

• , d - |~ 0 X -f- d 2 + ■ • * 0 m 


so that tho mean value of v~a(<p~x) between 0 
and 0 m ; and putting <p x for mean temperature after 
establishment of thermal equilibrium, 


(f>y 


*, ™ " h ■ 

l+r 


and the moan value of ?; 1 ==a(0 l ~oj). 


Now 




and v r 


T-T r 


From tho two equations v~u( <{> - x) and v' — a( <j> x — x) 


we get 


and 


a 


v-v ' 

0” 0i 


V(f) 1 - v'(f> 
v—v' * 


from which can be calculated, and hence the 
corrected value of the change of temperature of tho 
calorimeter. 


(iii.) Graphical Method of deducing the Heat 
Loss.— A. graphical method of computing tho 
cooling correction is due to Rowland. 

(a) Howland' a Method . 1 — Instead of finding 
tho number of heat units lost by the body 
while the tomperaturo of tho body is rising 


1 " On the Mechanical Equivalent of Heat, with 
Subsidiary Researches on tho Variation of the 
Mercurial from the Air Thermometer, am! on the 
Variation, of the Specific Heat of Water/* Proceedings 
of the American Academy of Arts and /Sciences. 1880, 
xv. 75-200 ; also Physical Papers, p. 402, 


arc sufficient, nabed is the plot of the 
temperature of the water of the calorimeter, 
the time being plotted horizontally and the 
temperature vertically. Continue tho lino 
do until it meets tho vertical line la. Draw 
a horizontal through the point l. At any 
point b, of tho curve, draw a tangent and 
also a vertical hue bg; lay If equal to eg, 
and draw the line fhk through the point h, 
which indicates the temperature of tho 
atmosphere of tho vessel surrounding the 
calorimeter. Draw a vertical jk through tho 
point k. From the point of maximum c draw 
a line jc parallel to dm ; where it meets kj 
will then be the required point. Hence, tho 
rise of temperature, 
corrected for all cool- 
ing errors, will be kj. 

This method, of 
course, only applies 
to cases where the 
final temperature of 
tho calorimeter is 
greater than that 
of the air; otherwise 
there will be no 
maximum. 

(b) Fern/s Method. — In the following 
modification by Ferry of Rowland’s method 
this temperature can be obtained to a fair 
approximation by a simpler graphical con- 
struction. 

Let C represent the temperature of the sur- 
roundings, and let a body at a temperature 
below these bo given a quantity of heat H such 
that its temperature rises to a value above C. 
Tho way in which the temperature changes 
before the heat H is added is represented 
by th© line AR in Fig. 1. The lino BD shows 
how tho tomperaturo changes while the body 
is absorbing the heat H. From B to C the 
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body is, in addition, receiving heat from the 
surroundings, and from C to I) is losing heat 
to the surroundings. The line DE indicates 
the tempera tuie changes duo to radiation, 
etc., alone. 

Through C draw a vertical line. Prolong 
ED backward until it cuts this vertical m / 
Prolong AB forward till it cubs the vertical 
line in h. Then the temperature changes are 
given by hf. 

To see that the above method of finding the 
desired temperature is reasonable, consider 
the following: If the heat H had not been 
given to the body, it would have continued 
to rise m temperature in the same way that 
it was rising from A to B, so that by the 
time it really attained the temperature 
indicated by C it would have reached the 
temperature indicated by h ; that is, while 
the body really rose in temperature from B 
to 0 the nse m temperature from B to h 
was due to heat from the surroundings, and 
the rise from h to C was duo to a part of the 
heat H. Again, if the body had not been 
given the heat H, but if it had been at first 
at such a temperature that as it cooled it 
reached the temperature indicated by D at 
the same instant that it leally reached that 
temperature — and thereafter cooled as shown 
by DE — it would have been at a temperature 
/ at the instant when it really was at the 
tompcratuie C; that is, while the body 
really rose in temperaturo from 0 to 1) the 
fall in temperature due to radiation was the 
fall from / to D, so that if there had been 
no loss of heat by radiation the rise of 
temperature during this time would have been 
from C to/. If, then, there had been no 
gain or loss of heat by radiation tho body 
would have risen m temperaturo tho amount 
indicated by the distance from h to f. 

While the temperature of tho body rose 
from 0 to D it was really at a lower temperaturo 
than if it had been cooling from / to D, and 
so did not really lose as much boat by radia- 
tion as has above been supposed. Hence, 
the point / is higher than it ought to bo. 
For a similar reason h is also somewhat 
higher than it ought to be. If tho timo from 
B to 0 is about the same as that from C to 
D, these two orrors will nearly balance each 
other. 

(iv.) Adiabatic Methods. — To eliminate 
entirely tho necessity for correcting for tho 
heat transfer between the calorimeter and its 
jacket, T. W. Richards 1 has devised various 
forms of calorimeters in which the bath 

1 Jmtrn. Am Chem. Soc , 1000, xxxl. 1275; 
Richards and Burgess, ibid., 1010, xxxii. 421 ; 
Richards and Rowe, JProc . Am Acad. Arts. Sci. xlix, 
173 : Richards and Barry, Journ. Am. Chem. Soc , 
1915, xxxvii. 903; Machines and Braham, “A 
Calorimeter for Measuring Heats of Dilution,” 
Journ . Am . Chem. Soc t) Oct. 1017, xxxix. 2110, 


surrounding the calorimeter is kept through- 
out the experiment at an equal or equivalent 
temperature. This device has been found to 
be particularly convenient m experiments on 
heat of dilution, heat of reaction, and recently 
it has been adapted for fuel calorimetry work. 
The prociso method adopted for heating tho 
jacket to keep it in step with tho calorimeter 
varies. Richards has used the heat liberated 
by chemical reaction of the same character as 
that undor test in the calorimeter. For most 
purposes, however, electrical heating is the 
more convenient. It is usually necessary to 
make a few blank experiments to settle tho 
relative values of the current, so the method 
finds its greatest field of application when a 
large number of experiments have to be 
performed. Since tho stirrer in tho calori- 
meter generates ail appreciable amount of 
heat, it is convenient to keep tho tempera- 
ture of tho jacket at a temperature of a 
degree or so below that of the calorimeter, 
so that the residual heat loss just balances 
that generated by the stirring. Whilst the 
device cannot give greater absolute accuracy 
than that m which a stationary jacket 
temperaturo is employed, it has tho ad- 
vantage that Lho initial and final tempera- 
tures are stationary and hence more easily 
measurable with resistance thermometers than 
would bo tho case if the temperature woro 
moving. 

§ (8) Thermometer for measuring the 
Temperature Ruse of the Water. — Tho 
most generally used instrument for tho 
measurement of the temperature rise of tho 
calorimeter is the mercury thermometer, but 
in work of precision tho resistance thermometer 
is to be preferred. 

Experience has shown that the inherent 
defects of tho mercury thermometer limit the 
possible accuracy to 2 or 3 parts m 1000 
for a 2° rise of temperaturo, wlulo with a 
suitable resistance thermometer outfit ton 
times this accuracy may bo obtained, but 
of course it necessitates an expensive equip- 
ment and more labour with tho observations. 
For a discussion of calorimetric? mercury 
thermometers reference should bo made to 
the articles on “Thermometers” and “Re- 
sistance Thermometers ” respectively. 

§ (0) Appliances for heating or cooling 
the Charge, (i.) Steam Heater . — Regnault 
in his extended scries of experiments used a 
steam-jacket heater to bring tho charge to 100° 
before dropping it into the calorimeter. ITis 
form of boater consisted merely of a boiler 
with a tube containing the charge, and on 
inverting it the heated charge is dropped into 
tho calonmotor. White has modified the 
Regnault heater to the form shown m Fig. 8 
which is self-explanatory. He employs elec- 
trical heating, since then it is possible to 
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move the apparatus about without danger of 
premature cooling. The apparatus is manipu- 
lated as follows : Just before discharging the 
temporary outlet is 
opened, the con- 
denser and thermo- 
element removed, 
the opening stop- 
pered, and lastly 
the hearing 
chamber unstop- 
pered and the 
charge dropped 
into the calori- 
meter The object 
of the shallow cup 
below the chamber 
filled with con- 
densed water is to 
shield the chamber 
agamst superheat- 
ing. White pomts 
out that the usual 
. practice of closing 
the upper end of 
steam heaters with 
corks is defective, smce the ends are left com- 
paratively cold, and consequently errors of 
the order of a few parts per 1000 may result. 

(n.) Electric Fur- 
nace. — For heating 
the charge to high 
temperatures some 
form of electrical fur- 
nace is generally em- 
ployed, as this permits 
of the attainment of 
temperatures up to 
1500° C. It is, of 
course, necessary to 
ensure that the fur- 
nace should give a 
uniform temperature 
over the region oc- 
cupied by the charge, 
and experience has 
shown that the sim- 
plest method of effect- 
ing this is to wind the 
tube uniformly, and 
over each end add 
additional coils cap- 
able of mdependent 
control ; then, by ad- 
justing the relative 
values of the current 
m the mam circuit 
and the supplement- 
ary coils, a good 
degree of uniformity 
can be obtained. It might be remarked, how- 
ever, that the ratio of the currents m the 
circuits which will give uniformity at one 



Top of 
Calorimeter extension 

Fig. 9. — Arrangement of 
platinum - wound Fur- 
nace for Experiments 
between 500° and 
1500° C. 

P, partitions to shield 
against the cooling effect of 
the ends of the furnace ; SS, 
swinging shield; L, latch 
for dropping out the fur- 
nace bottom , MM, heavy- 
wires for the dropping 
current,; T, thermoelement 


temperature may not necessarily apply t<> 
another, and consequently separate experi- 
ments are necessary to determine the best 
values for each point 

In Ins work on the specific heat of si hi sates 
White employed a lumacc with internal platinum 
winding This has the advantage of permitting 
of the attainment of higher temperatures than 
is possible with a winding on the evtenor of the 
tube, and also diminishes the lag between the 
coil and the chamber, so that equilibrium ih 
obtained with greater rapidity. Thin luinaeo 
( Fig 9) is mounted on a stout iron plate with an 
air space beneath. An opening of 5 5 cm. is cut 
through the furnace bottom and plate, which is 
closed by a plug of fireclay carried on a movable 
iron plate This is held up agamst a largo plato 



L, latch, V, its tulcium , MM, tubes, about -8 mm. 
in diameter , W, wue, whose pull unlatches the bail 
of the container; (JT, charge thermoelement; KT» 
furnace thermoelement: 1^, It,, shielding partitions: 
H, furnace winding The platinum tube around (!T 
in the contamoi is supposed to he cut away. 
L is 2 3 mm tluek MM weio covered with sheet 
platinum, which was part of the equipotentlal 
shield. 

by the latch m such a way that a quick pull on the* 
latch causes the plug to fall away without tipping. 
Upon the block and inside the furnace chamber is a 
pedestal made up of three fireclay partitions each 
faced on both sides, except on the side facing the 
crucible, with reflecting discs of platinum foil, and 
supported by a light frame made by grinding away 
as much as possible from fhe tlnn porcelain tube. 
This pedestal has two functions. It protects the 
crucible from the cooling effect of the furnace bottom 
and it also supports the crucible during the period 
necessary to reach the constant temperature. Plati- 
num is very soft at high temperatures, and the lino 
wires which support the crucible for an interval of 
1 second, which elapses between the fall of tho 
crucible and the pedestal, would have to be very 
large if they wore to hold for any length of time. At 
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the higher temperatures the uppermost partition is 
apt to stick to the bottom of the crucible, hence it 
is tied by platinum wire to the plate below, the weight 
of which is enough to pull it away. Above the cru- 
cible another platinum paitition is suspended When 
the pedestal falls from the furnace it is caught m a 
light wooden box, which can be pushed out of the 
way, and at the same time swatches oil the furnace 
curient 

The simplest method of supporting the charge 
m tlie furnace is to use a loop of platinum wire and 
fuse it by a stiong current when it. is desired to drop 
Mio charge into the calorimeter. This method was 
used successfully by Harkcr 1 m his experiments on 
the specific heat of iron. 

White found some difficulty with the fused wire 
method of making a release at tcmperatuies above 
1000° ( owing to the arcing which occurred across 
the terminals after the wire was melted. This 
difficulty could no doubt have been overcome by 
making the current fuse a length of copper wire out- 
side the fumaco the same time as the supporting 


wire inside. He, however, devised a. mechanical 
drop for releasing the charge. This was made of 
Marquart composition, which is obtainable m the 
foim of tubes and plates The complete arrange- 
ment is shown m Pig. 10. Stout platinum ware of 
1 2 mm. in diamoter was opeiated automatically to 
release the container as the wooden shield ol the 
furnace was swung on one side. This was found to 
be generally satisfactory, but many f. roubles were 
encountered owing to insufficient rigidity of the 
supports, combined with a too rapid swing of the 
shield. 

§ (10) The Specific) Heats of Silicates 
at Ilian Temperature. — With tho above - 
described apparatus White 2 has made an 
oxlcnsivo investigation of tho heat capacity 
of various silicates at high temperatures. Tho 
data obtained are summarised m Table I , 
from which tho “instantaneous ” atomic heats 
have been calculated by tho procedure de- 
scribed below : 


Table I 

Interval Mean Atomic Heats 



0-100° 

0-300°. 

0-500°. 

0-700° 

0-900°. 

0-1100° 

0-1300° 

0-1400°. 

Silica glass .... 

3 708 

4 272 

4 027 

4 870 

5*049 




Quartz .... 

3-755 

4 359 

4 784 

5-112 

5 217 

5 308 



(Visto bull te .... 

3-7S4 

4-089 

4 870 

5 042 

5-103 

5 27(5 

5 351 

5-388 

Anortlute .... 

4 079 

4 590 

4 920 

5-144 

5 322 

5-472 

5 038 

5-730 

Andesme .... 

4 012 


4 857 

5 080 

5 203 




Albite 

3 900 

4 479 

4 805 

5-030 

5 207 

5-340 



Microclmo 

3 971 

4-474 

4 801 

5 031 

5-200 

5*332 



Microelme glass . 

4 073 

4 591 

4 920 

5 100 

5 337 

5 51(5 



pHoudo-wollHstomto . 

4 290 

4 758 

5 050 

5 250 

5 409 

5 534 

5*040 

5 097 

Mag. nil. am pinhole . 

4 090 

4-024 

4 952 

5 182 

5 354 

5 49(5 



Mag. sil pyroxene 

4 103 

4 047 

! 4 997 




0 1280° 


Diopside .... 

4 175 

4 097 

| 5 021 

5 252 

5 425 

5-500 

5-049 



Table TI 

<<r Instantaneous ” or True Mean Atom’ic Heats, that is, IIeats at Different Temperatures 



0° 

100". 

300° 

4 00°. 

fiOO" 

(500°. 

700°. 

800°. 

900°. 

1000". 

1100°. 

1200°. 

1300°. 

Silica glass 

3-33 

4*05 

4*95 

5*17 

5 35 

5*48 

5-58 

5*08 

5*75 





Quartz 

3-37 

4-1 

5*1 


5*9 

. . 

540 

5*58 

5 00 

5 72 




Crisfobitlito 






5 40 

5 55 

5 02 

5-07 

5 72 

5*77 

5*82 

5*80 

Anortlute . 

3 74 

4 39 

5*22 

543 

5*58 

5 (59 

5-82 

5*95 

(5*0*1 

(5 14 

0*31 

0*54 

0*82 

Andesitic . 

* 




5 53 

5 (5(5 

5-78 

5*89 






Albite 

3 -(51 

4 28 

5* JO 

5*31 

54(5 

5*59 

5 71 

5 83 

5 91 

5*97 




Mierocline 

3 (54 

4-27 

5 09 

5 30 

547 

5*01 

5*72 

5*79 

5*8(5 

5 92 




Mieroclino glass 

3-73 

4-38 

5*22 

5*44 

5 01 

5* 75 

5* 85 

5*95 

0*11 

(5*34 




Wollasfomto . 









0*11 





Pseudo-wollasUmito 

3 98 

4-58 

5*32 

5*50 

5 (55 

5*77 

5-87 

5 95 

(5*02 

0*10 

0*18 

0*20 

<5*33 

Diopside . 

3-82 

4*49 

5 32 

5*52 

5 *(59 

5 83 

5*94 

0*03 

0*10 

0*17 

(5*24 



Mag. sil. ampin bole 
Nomst - Lindcmann j 

3-73 

4*42 

5 20 

54(5 

5 02 

5*70 

5*87 

5*90 

0 04 

0*13 




formula for silica - 
glass ) 



4*95 


5*35 


5*55 

1 

5*67 

5*71 

5*75 


5*80 


Quartz at 550°, 6*3. 


1 “ Tho Specific Heat of Iron at High Tempera- I 3 “Silicate Specific. Heats,” second series, Am. 
turns,” Prac. Phys. Bog. xix. ; Phil. Mag., Oct. 1905. I Journ. of Bcience, Jan. 1919, xlvii. 

VOL. I w 
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For convenience the values are given as 
atomic heats, but can, of course, be readily 
converted back into specific heats by the use 
of the data given m Table III. 

Table III 

Mean Atomic Weights, or Molecular \\ eights 

DIVIDED BY THE NUMBER OP ATOMS, USED 

as Multipliers to reduce Specific Heat 
to Mean Atomic Heat 


Silica ff * 

Calcium metasilicate . . • * 23 27 

Magnesium mctasilicato . . • 20 12 

Diopside 21 70 

Anorthite 21 45 

Andesme 20 84 

Natural albite . * . 20 33 

Natural nncroclmc . . . . 21 23 


The method of expel lincnl gives the mean 
specific heat over a wide range of temperature 
and is not suitable for giving with accuracy 
the true specific heat, if this changes rapidly 
with temperature, as is the case at very low 
temperatures. At high temperature, howevei, 
the relation between specific and temperature 
is practically linear, hence it is possible to 
calculate the 44 instantaneous ” or true specific 
heats with fair accuracy, as follows : 

If the interval specific heat is sufficiently well 
expressed by polynomial equations with 5 constants, 
A+ B0 + G0 2 , etc., where 0 is centigrade temperature, 
the total heat from 0° 0 up is A0 + B0 2 +C0 3 , etc., 
and the true specific lieat at any temperature, which 
is the differential of the total heat, is A+2B0 + 3C0 2 , 
etc , so that the quantity which must be added to the 
mean specific heat to get the true heat is 

B0 +2C0 2 +3D0 3 +4E0 4 . 

But m a series of 4th- degree polynomials each first 
difference is 

BP +2CP0 +DP (sO* + 3 ^ + EP(40 3 + 0P~) ; 

each 3rd difference is GDP 3 + 24EP‘*0, where P is the 
temperature interval between each two successive 
values m the senes. It follows at once that by sub- 
tracting of the 3id difference from the 1st, 
and then multiplying by 0/P, the difference of true 
and interval heats is obtained. The method is 
exactly equivalent to obtaining a series of 4th- 
degree equations and thus computing the true 
specific heat, but is much easier. 

For quartz and silica glass the values of 
the interval specific heat to 100°, 300°, and 500° 
satisfy the expressions : 

Quartz 

0*1685+0*0001940 - O-OOOOOO110 2 . 

Silica Glass 

0*1670 + 0*0001890 - O-OOOOOO1250 2 . 

§ (11) Low Temperature Appliances. — 
Nernst, Lmdemann, and Korcf 1 m their 

1 Nernst, Lmdemann, and Korcf, Kihiigliehe 
Preussische Alcademie der Wissenschaften zu Berlin , 
Sitzungsberichte, 1910; Koref, Annalen der Physik, 
1911 (4), xxxvi. 49. 


expeiuncnts at low tempeiatuies cooled down 
the substance under test m a quartz vacuum 
vessel, through which passed a tube open at 
both ends, as shown m Fig 11. This tube 
was surrounded by liquid air or 
a mixture of alcohol and solid 
C0 2 . The device is opciated as 
follows : As soon as the equi- 
librium of temperature has been 
obtained it is placed over the 
calorimeter. A slide is opened 
and the contents, suspended on a 
thread, aic let down into the 
calorimeter. 

Instead of the expensive quartz 
vessel the following simple device 
may also be used (Fig. 12). In 
a largo test tube A is placed a 
tube J, somewhat enlarged at the 
bottom and closed at both ends fig. 11. 
by means of rubber stoppers. 

Inside of it is a silver vessel, with the sub- 
stance and the thermoelement suspended by 
a thread. The test tube is immersed in 
the constant temperature bath. The time 
required to obtain the equality of temperaturo 
may be shortened by passing through a slow 
current of dry 
hydrogen, which \ 
flows into the outer 
vessel through a 
small channel m the 
lower cork and then 
into the air through ' 
the cotton-wool. To 
bring the substance 
into the calorimeter 
the whole device is 
brought mto the 
neigh boui hood of 
the calorimeter, 
which is then opened. 

The inside tube J 
is rapidly removed 
from the test tube, 
the lower cork taken 
away, and the other 
one slightly lifted 
so as to allow the 
contamoi to drop 
mto the calorimeter. 

The whole manipula- 
tion takes about 
three seconds. In 
that time the sub- 
stance is only slightly 
warmed up. With liquid air, for instance, it is 
claimed that the heat loss is hardly 1 per cent. 

§ (12) The Thermal Unit and the Varia- 
tion of the Specific Heat of Water with 
Temperature. — It is customary to express 
heat quantities in terms of the heat capacity 
of water for 1° change of temperature, and. 




Pig. 12. 
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since this heat capacity is now known with 
accuracy m terms of the primary units — 
centimetre, gram, second — it is possible to 
express heat quantities m “ergs” by the use 
of an appropriate factor. 

Eor a long time it was not fully realised 
that the specific heat of water varied with 
temperature, and consequently the practical 
heat unit varied with the range of temperature 
through which the water was heated when 
employed as calorimetric medium. Evon 
when it became apparent that the specific 
heat could not be .regarded as constant the 
data published as to the magnitude of the 
variation were so conflicting that the experi- 
menters were compelled to neglect them m the 
reduction of their observations. 

In later years the work of Rowlands (1870), 
Bartoli and Stracciati (1891), Griffiths (1893), 
Ludm (1896), Callendar and Barnes (1902), 
has proved conclusively that the form of tho 
specific heat-temperature curve is that shown 
in Fig . 13, and that there is a minimum value 
at 35° to 40° G. 

Hence the calorie is only fully defined when 
the particular degree (1° C.) of tomporaturo 



is specified through which unit mass of water 
is heated. Professor E. H. Griffiths has 
pointed out that the calorie between 17° and 
18° C. is equal to the mean calorie between 0° 
and 100°. So that tho specific heat of water 
between 17° an 18° 0. might bo considered as 
a suitable unit for calorimetry. 

Callendar adopts 20° 0 , and suggests that 
the calorie be defined not as tho boat required 
to raise one gram of water from 19 5° to 20*5°, 
but as the mean value between 15° and 25° of 
the quantity of heat required to raise one 
gram of water 1° C. 

Whilst it would be a groat convenience if 
experimenters would adopt a common unit, 
it is of greater importance that they should 
state the unit employed when tho accuracy 
of their work is such as to justify taking into 
consideration the variation in tho heat capacity 
of water. 

§ (13) Metallic Block Oalortmetees. (i.) 
Nernd . — A calorimeter in which tho usual 
vessel of liquid is replaced by a heavy copper 
block has been employed by Nernst, Lindo- 
mann, and Koref for specific heat determina- 
tions. The block is hollowed out and tho 
material dropped into its interior. Owing to 
the good thermal conductivity of copper it 
has practically the same temperature through- 


out, and the temperature changes of the block 
are determined by means of thermoelements 
To obtain heat insulation the block is inserted 
into a Dewar vacuum vessel. The %ammge- 
ment is shown in Fig. 14. The block K 
weighs about 400 grams. It is desirable to 
have good thermal contact between the copper 
block and the inner surface of the glass vessel 
which has to be made as thin as possible. To 
ensure this the block is fixed in the vacuum 
vessel by means of Wood’s fusible alloy. 

In tho diagram T are the therm oj unctions 
The junctions of the thermoelements are in- 
serted into thin-' w ailed glass tubes which arc 
fixed in holes in the block by means of fusible 
alloy. Good contacts between junctions and 
the tubes are also obtained by the use of alloy. 
The other junctions arc in a 
ring-shaped copper block C 
by which tho vacuum vessel 
is closed at the top. Through 
tho middle of tho block passes 
a glass tube R, through which 
tho substance is dropped into 
tho calorimeter. This tube 
can bo closed by means of a 
slide as shown. The whole 
apparatus is submerged in a 
constant temperature bath, 
usually ice or solid 0O 2 , and 
the tomporature thus main- 
tained constant. To keep tho 
apparatus water-tight a sheath 
of copper foil is soldered round 
as shown. To prevent tho 
hoalod air from rising up in 
tho calorimeter, which means 
a loss of heat after tho sub- 
stance has been dropped in, 
some cotton-wool is placed 
on tho top of tho silver vossol 
so as to just close the hole 
m a copper block after the 
material has been dropped in. 

In their experiments tho tomporature' 
changes of tho calorimeter usually amounted 
to from 3° to (>°, giving a galvanometer 
deflection of 45 to 90 divisions. The apparatus 
must be calibrated by moans of a substance 
whoso specific heat is exactly known, and this 
was attained by using water for high, and lead 
for low, temperatures. The calibration had 
to bo repeated from time to time in order to 
eliminate small errors. 

(ii.) Fery. — F6ry 1 has applied the metallic 
block method to tho design of a* bomb calori- 
meter and constructed a direct reading instru- 
ment. Tho bomb in which tho combustion 
takes place is a nickel-lined, thick- walled vessel. 
It is supported by two discs of constantan, 
the disc being soldered to the bomb and also 

1 Engineering, 8cpt. 20, 1912; Electrician, Sept. 
13, 1912. 
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to the nickel - plated surrounding vessel B 
(Fig. 15). The constantan supporting disc forms 
with the iron of the bomb the hot junction of 
_ jt a thermo- 
couple, the 
cold junc- 
tion being 
made be- 
tween the 
discs and 
the outer 
vessel B. 
The E.M.F. 
generated by 
the tempera- 
ture of the 
bomb is 
measured by 
the millivolt 
calibrated to 
read direct 
in calories on 



m 15 


A , nickel-lined bomb of n on 3 1 kilos 
in weight ; K, K', two constantan discs 
soldered to bomb and to nickel-plated 
copper surrounding vessel B ; 0, quartz the assump- 

cruclble ' tion that the 

same weight of fuel is always burnt. 

The instrument has not yet been developed to a 
stage when it can be used for routine tests, several 
sources of error 
which influence 
the readings 
not having been 
ekminated. One 
important factor 
is the pressure of 
the oxygen m the 
bomb. Should the 
pressure be below 
that for which the 
instrument has 
been calibrated, 
combustion will 
become slower 
and heat loss due 
to radiation, etc , 
will be greater 
than that under 
normal con- 



FlG. 16. 

Curve A, pressure of gas = 100 
lb. persq inch, curve B, pressure 
of gas = 150 lb per sq inch ; curve 
C, press me of gas = 200 lb pei sq. 
inch , curve 1), pressure ol gas 
=250 lb. per sq inch 


chtions. A few typical curves illustrating this are 
shown m Fig. 16 . 


§ (14) Specific Heat of Gases by tite 
u Method of Mixtures.” — When defining 
the specific heat of a gas it is necessary to 
specify the conditions under which the heat- 
ing takes place, since the change of volume 
with the rise of temperature is considerable 
under constant pressure, and the thermal 
equivalent of the external work done during 
expansion is a large fraction of the whole heat 
supplied during the change of temperature. 
Hence in the case of a gas it is customary 
to speak of two specific heats : ( 1 ) at constant 
volume, and (2) at constant pressure. 

The earliest investigators to study the 
specific heat of gases were Lavoisier and La 


Place, who employed a caloiimetnc method 
based on tbe measurement of the quantity of 
iee melted. Later, Dclaroche and Bcrard 
made some careful experiments in which a 
uniform current of gas, heated at 100° 0 , by 
passing through a tube suirounded by a vapour- 
jacket, was cooled by passing through a spiral 
contained m the calorimeter. The method 
was essentially that of mixtures, and most 
of the subsequent investigators adopted this 
method with various modifications to meet 
special requirements. Consequently, the pub- 
lished data are confined to the mean specific 
heat over a wide range of temperature. More 
recently Callendar and his associates have 
developed the method of electrical heating 
which permits of the determination of the ti ue 
specific heat. 

Amongst the workers employing the method 
of mixtures Begnault stands pre-eminent. He 
brought to bear upon the subject his unique 
skill and experience of calorimetric measure- 
ments, with the result that the data he ob- 
tained were accepted, almost without question, 
for the following half-century. There is, 
however, no doubt that the results given by 
Regnault were a little low, about 2-5 per cent, 
due to an inaccuracy in his method of deter- 
mining the heat conducted into the calorimeter 
along the pipe through which the gas flowed. 
Without describing in detail Regnault’s ap- 
paratus its essential features may he briefly 
reviewed. 

The gas was contained in a large reservoir, 
heated up by passing through a long spiral im- 
mersed in an oil hath, and thence led to the cal- 
orimeter. Care was taken to ensure a uniform- 
ity of flow of gas through the calorimeter under 
constant pressure, and independent experi- 
ments were made to ensure that the gas leaving 
the calorimeter had cooled to this temperature 
Since it was assumed that the temperature of 
the gas entering the calorimeter was the same 
as that of the heater bath, precautions have 
to be taken to avoid loss of heat by the gas in 
passing from the bath to the calorimeter, and 
at the same time prevent as far as possible 
conduction of heat from the bath to the calori- 
meter along the connecting tube. 

The correction for the heat carried along 
this tube, which was made of low conductivity 
material, was deduced from observations of 
the change in temperature of the calorimeter 
without the gas flowing. This change of 
temperature is duo to the combined effect of 
the conduction and the rate of heat. mg or 
cooling of the calorimeter due to the difference 
in temperature between it and the surround - 
ings. 

If AO is the observed rate of change of tem- 
perature per unit time, then AO is equal to 
A — B#, where 6 is the excess of the temperature 
of the calorimeter over that of the room. 
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The term A corresponds to the heat conducted 
through the connecting pipe from the heater 
to the calorimeter, and Rtf to the heat loss by 
radiation, etc., from the calorimeter. Each of 
these texms corresponded to about 5 per cent 
of the total eneigy supplied by the gas per 
minute. Regnault measured the constant A 
and B by noting the rate of rise of temperature 
of the calorimeter before and after the gas 
had passed through it. Swann 1 has pointed 
out that an error arises m assuming that tho 
heat conduction through the pipe is the same 
when gas is flowing as when no gas is flowing ; 
m fact the hot gas keeps up the temperature 
of the pipe in the vicinity of the heater and 
reduces the temperature gradient. The icsult 
is that less heat is conducted from the heater 
into the pipe when the gas flows through than 
when no gas is flowing. Of course a great 
deal of heat is conducted by the pipe into the 
calorimeter when the gas is flowing, but the 
greater part of this comes from the gas itself. 
The fact that tho average temperature of the 
pipe is higher wflien the gas is flowing also 
results m a greater radiation loss from the 
pipe. The error acts in the same direction as 
the other. 

Swann made some experiments to verify tho 
above suggestion, and by attaching thermo- 
junctions to a metallic tube he showed that 
the gradient was aflected by the flow along it 
and the results were of tho magnitude required 
to account for the difference between his results 
and those of Regnault. 

In Regnault 1 s time there was a lack of 
knowledge concerning the variation of tho 
specific of water with temperature, which, to- 
gether with uncertainty as to the absolute 
scale of temperature, might also cause an 
error of 1 per cent in his results 

§(15) Variation or Specific Heat with 
Temperature an d Pressure ( over Mo derate 
Ranges).- — Rcgnault’s observations cover the 
temperature interval from -30° to 210° and 
pressures from 1 to 12 atmospheres. He found 
that the specific heat of the gases, air, oxygen, 
and hydrogen were independent both of the 
temperature and the pressure within the limits 
of the observations. 

The specific heat of C0 2 , on the other 
hand, showed a well-marked increaso with 
rising temperature. Regnault’s work was 
repeated by Wiedemann, who confirmed his 
results. 

Witkowski investigated the specific heat of 
air at low temperatures from + 100° to — 170°, 
and found that the specific heat was inde- 
pendent of the temperature but increased with 
pressure. He worked up to a maximum of 

1 “ Note on the Conduction of Heat along a Pipe 

through which Gas is flowing m its Relation to 

Measurements of the Specific Heat of Gases/’ Phil. 

Mag., Jan. 1913. 


70 atmospheres. The variations with pressure 
increased as the temperature "was lowered 
The method of mixtures is not suitable for 
the accurate determination of the pressure 
and temperature variation of the specific heat 
of a gas. 

More recent work by observers employing 
the electrical method has supplied data which 


Th Th 



Flu 17 


supersede those obtained in the above - de- 
scribed investigations. 

§ (10) Specific Heat of Gases at Hunt 
Temperatures. 2 * — Iiolbom and Austin, 8 and 
later Holborn and Henning, 4 have investigated 
tho specific heat of gases up to 1200° G. 
Their method is identical in principle with 
that of Regnault’s, hut a special typo of 
heater was necessary for bringing the gas to 
tho high initial temperature. Their apparatus 
is shown diagrammatically in Fkjs. 17 and IB. 



Fig. 18. 

(l.) Arrangement of Apparat/us. The Healing 
Tube . — The gas was heated electrically m a 

* Sec also article “ Gases, Specific Heat of, at High 
Temperatures.” 

3 rhys. Rev. xxi No. 4 

* Ami. der Physih, 1907, xxiii. 809. 
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nickel tube A, about a metre long and of 
1 mm. wall thickness, on which was wound a 
coil of nickel wire. The windings were insu- 
lated from the tube by asbestos. The gas 
was introduced at one end and was heated 
in the coarse nickel filings with which the tube 
was filled according to the plan of E. 
Wiedemann. At three-fourths of its length 
the tube was closed by a disc silver-soldered 
in place, and the gas was led out through a 
side tube into the calorimeter In this way 
the influence of the cool end of the tube was 
eliminated. Otherwise it was found out that 
the gas in passing through the cool portion 
gave up so much of its heat that its tempera- 
ture vaned m a marked degree with the rate 
of flow. 

Opposite the outlet tube W a second nickel 
tube B was joined to the heating tube and 
through this a platinum platinum - rhodium 
thermoelement T was introduced. This 
passed through the heating tube A, which at this 
point was kept free from nickel filings by the 
dividing wall M on one side and a disc of wire 
net on the other. The thermoj unction lay m 
the outlet tube W, 1 cm. from its free end. 
In this space a thin silver band bent in the 
form of a screw was inserted to prevent 
radiation of the thermojunction to the cool 
calorimeter. The thermoelement consisted of 
wires 0 25 mm. in diameter, which w r ere insulated 
through the greater part of the tube B with 
tlnn porcelain tubes. The hot junction of the 
thermoelement, which was hardly thicker than 
a single ware, was left hare. 

Special care was taken that the end of the 
thermoelement should not come m contact 
with the tube wall. In one portion of the 
work this was attained by supporting the 
flexible end of the element on a bit of mica 
of the same width as the diameter of the tube. 

The platinum band, which was intended 
for the protection of the thermoelement from 
radiation from the tube wall, also served to 
protect the quartz from the nickel oxide 
which was carried along with the gas current 
in minute quantities from the filings in the 
heating tube. Otherwise this after a time 
became opaque and disintegrated. 

A secondary heating coil of mckel wire was 
placed on the tube B, to compensate for 
the loss of heat by conduction through the 
two side tubes and for the loss of one turn of 
wire on the main coil where the side tubes 
were attached. 

(ii.) The Calorimeter . — The calorimeter K of 
about 0*5 litre capacity was made of pure 
silver 0 5 mm. thick (Figs. 17 and 18). In its 
centre were situated three silver tubes 1*5 cm. 
in diameter, filled with silver filings and 
connected by 0*5 cm. silver tubes. These 
absorbed the heat from the gas as it passed 
through. That the gas actually issued from 


the calorimeter at calorimetric temperature 
even when heated to the highest point (800°) 
was made certain by tests with a constantan 
copper thermoelement. 

Later experiments by Holborn and Henning 
were made by a similar method with a platinum 
heating tube which extended the temperature 
range to 1400° C. The calorimeter necessarily 
gains some heat from the heating tube, and 
this gam, m the later experiments, was partly 
compensated by surrounding the calorimeter 
with a jacket maintained at a much lower 
temperature. 

This compensation was found necessary at high 
temperature in order to prevent an excessively 
rapid rise of temperature of the calorimeter, but 
although it reduces the apparent magnitude of the 
correction required, it does not diminish the actual 
amount of heat transferred and docs not reduce the 
uncertainty of the correction. The magnitude of 
the effect at high temperatures may be judged from 
the fact that it was found necessary, in the experi- 
ments at 1400° C , to maintain the jacket at as low 
a temperature as 40° 0. by passing a stream of cooling 
water through it m order to prevent the calorimeter 
rising above 115° C. when no gas was passing. Under 
such conditions the calorimetric corrections become 
so uncertain that the probability of systematic 
errors must increase considerably with rise of tem- 
perature. 

The rate of increase of the mean specific 
heat of nitrogen at atmospheric pressure 
between 840° and 1340° 0 , shown by the Inter 
experiments, was about double that found 
in the earlier series. Both series of experi- 
ments could be represented within the limits 
of probable error by the linear formula 

S ot = *2350(1 + *000080- 

It appears probable, however, that the value 
of the specific heat at 0° 0 given by the 
formula is too low and that in the ease of 
nitrogen the rate of increase is not uniform, 
but increases with rise of temperature to some 
extent. 

(iii ) Possible Sources of Error — -Since the 
temperature of the hot gases was determined by 
a thermocouple near the entrance to the calori- 
meter, and the time of flow of the gas was 
only three minutes, there appears to bo some 
doubt whether the couple gave the true mean 
temperature of the inflowing gas, and also 
whether the loss by radiation from the couple 
was properly corrected for The value of the 
mean specific heat of air over the range 150° 
to 270° C. by Holborn and Henning was 
•2315 This is about 5 per cent smaller than 
the probable value over this range. The rate of 
increase shown by the experiments was within 
the limits of probable accuracy of the work. 

§ (17) Specific Heat of Steam. — Rcgnault’s 
value, 0 475 for the specific heat of steam at 
atmospheric pressure over the range 125 to 
225° C. was obtained by taking the difference 
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between the total heats of steam, superheated 
to these temperatures, as observed by condens- 
ing the steam in a calorimeter. Since the 
difference, corresponding to 100° superheat, 
is only ihth of the total heat measured in 
either case, it is evident that the method might 
give rise to large errors. For this reason many 
writers have preferred to deduce the specific 
heat of steam theoretically in various ways 
from Regnault’s value of the rate of change 
of the total heat of saturated steam, namely, 
0 305 cal. per 1° C., which, as Callendar 1 has 
pointed out, is subject to the same source of 
error m an aggravated form. Thus Zouner 
gives S =0*568; Perry, S= 0*300 at 0° Cl to 
0*4(54 at 210° (J : Gnndley, 0 387 at 100° 0. 
to 0 665 at 160° C. 

A direct measurement of the specific 
heat of steam by Rrmkworth, 2 employing 
the continuous electric method devised by 
Callendar, gave S=0 484 at 108° C. Subsidi- 
ary experiments by Callendar in conjunction 
with Professor Nicolson, by the throttling 
calorimeter method, enabled the variation of 
the specific heat with pressure to be calculated. 

These gave the formula 

/Q7‘l\ 3.3 

S = 0*478 4- 0-0242# J , 

where # is the pressure in atmospheres. The 
approximate constancy of the limiting value 
0*478 of the specific heat at zero pressure 
over the range 0 to 200° 0. was verified by 
calculating the corresponding values of the 
saturation pressure, which were found to 
agree accurately with Regnault’s obseivations 
over the whole range. The theory was also 
verified by a measurement of the ratio of the 
specific heats of steam by Makowor, 3 which 
gave values 1*303 to 1 307, agreeing closely 
with that deduced by Callendar. 

The experiments of Lorenz ‘ l and Knoblauch 
and Jacob and Lmdc 6 afforded a remarkable 
verification of the theory of the variation of 
the specific heat with pressure. They found the 
specific heat at 1 atmosphere to be practically 
constant over the range 100° to 300°, but their 
value, namely, 0*463, is decidedly lower than 
Regnault’s. 

Holborn and Henning 6 in their experiments 
on the specific heat of steam at atmospheric 
pressure, improved Regnault’s method by 
employing an oil calorimeter at 1 10° C so 
as to avoid condensing the steam in the 
calorimeter. They determined the ratio of 
the specific heat of steam to that of air by 
passing currents of air and steam in succession 
through the apparatus under similar condi- 

1 Report of B.A. Committee on Gaseous Explosions, 
1008, from which the above is abstracted. 

2 Phil Trans. Roy Soc , 1915, eexv. 383-438. 

3 Phil. Mag., Feb 1903. 

4 Forseh Ver Deut. Ing , 1905, xxi 93. 

5 Loo. cit pp 1 and 35 ; 1906, p. 100. 

* Ann Phys., 1905, xviii. 739. 


lions, and obtained the following values of 
the ratio for different intervals of temperature : 


Tomperatuie Interval 

Ratio/tttoam An 

110-270° 

1 940 

110-440 

1 958 

110-020 i 

1 946 

110-820 

1 998 


In their subsequent series with a platinum 
heating - tube at higher temperatures they 
obtained the following ratios . 


Tomperatuie Interval 

Ratio/Steain Air 

115-826° 

1*900 

115-1180 

1 973 

115-1324 

2 003 


The second series appears to make the ratio 
about 5 per cent lower at 110-820° than the 
first, which suggests the -possibility of constant 
errors depending on the type of apparatus em- 
ployed or on the velocity of the gas current. 
The experiments of Callendar and Swann 
would make the ratio 2*05 at 100° 0. This is 
higher than any of the values obtained by 
Holborn and Henning at 1400° 0. 

Holborn and Henning point out that their 
results at 1400° 0. cannot bo reconciled in 
the case of steam and OO a with any of the 
results of explosion methods. They arc 6 per 
cent to 13 per cent lower than Langen’s, 
which are among tho lowest. But, having 
regard to tho fact that tho constant- pressure 
method winch they employed appeal's to give 
results so much lower than July’s or Callendar’ s 
methods at ordinary temperatures, and that 
tho experimental difficulties increase so greatly 
at higher temperatures, it dives not seem at all 
improbable that a considerable part of tho 
discrepancy is to bo attributed to systematic 
errors of tho constant- pressure method. 

§ (18) Bpeoifto Heat of C() a . — Tho specific 
heat of (J() a is of groat theoretical interest 
in viow of the considerable increase shown at 
ordinary temperatures. Tho table below gives 
tho results obtained by various observers : 


TVinperatiuv 

UogIKUllt. 

WJodtmiftnu 

Swann. 

Hell mrn. 

0° 

0*1870 

0*1952 

0*1973 

0*2028 

100 

0*2145 

0*2169 

0*2213 

0 2161 

Increase 

0*0275™ 

0*0217 

0-0240 

0*0133 


It may also be remarked that the varia- 
tion of specific heat with density observed by 
July 7 agrees very closely witli that calculated 
by Callendar 8 from tho experiments of Joule 
and Thomson on the cooling effect on expan- 
sion. e. o. 

7 “ Calorimetry, Change of State,” § 5. 

8 Phil. Mag,> 1903. 
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CALORIMETRY, QUANTUM THEORY 

The Variation of Specific Heat with 
Temperature 

§ (1) The Variation of Atomic Heat. — 
The discovery by Dulong and Petit m 1819 
of the empirical law, that the product of the 
atomic weight and the specific heat is approxi- 
mately the same for all elements, proved to be 
of the greatest practical utility to chemists 
when assigning atomic weight values to newly 
discovered elements ; and further, the simplicity 
of the law directed attention to the possibility 
of arriving at it from theoretical considerations 
of conceivable atomic structures constituting 
a solid. The mean value for the constant was 
determined by Regnault as 6 38 with extremes 
of 6*76 and 5 7. According to the kinetic theory 
of matter it is easy to see why a relationship 
of the form discovered by Dulong and Petit 
should exist. We suppose that the atoms are 
bound together by interatomic forces tending 
bo bring them to positions of equilibrium 
about which they oscillate , then in this case 
the total energy of an atom is half -potential 
and half- lone tic ; for the principle of equi- 
partition of energy is assumed to be valid. 
Now in the case of a monatomic gas the energy 
is all kinetic, and proportional to the absol- 
ute temperature. Therefore the atomic heat 
should be half as great m the gaseous state 
as the solid state. The kinetic energy of a 
gramme molecule of a monatomic gas is jIRT, 
where R is the gas constant which has the 
value 1*985. Hence, on the supposition that 
a monatomic solid body is built up of atoms 
each with 3 degrees of freedom, the energy 
content is 3RT, and from this the atomic heat 
at constant volume is obtained by differentia- 
tion with respect to T giving for the atomic 
specific heat the value 3R or 5*955. 

It might be remarked m passing that the above 
equation, according to Boltzmann, is applicable to 
the case of crystals which have at the pomts of tlieir 
space- lattice molecules of any degree of complexity, 
provided that the internal forces acting on each 
atom are proportional to the distance of the latter 
from its equilibrium position, or more generally are 
linear functions of the change of its co-ordinates 

Hence the Dulong and Petit generalisation 
is consistent with the atomic theory of matter 
and the equipartition theory of energy. 

Eor nearly a century, however, the excep- 
tions to the law — carbon, boron, and silicon — 
proved to be an enigma which defied solution. 
As far back as 1872 Dewar 1 and Weber, 2 
working independently, showed that as the 
temperature increased the specific heat of 
carbon, whether as diamond or as graphite, 
continued to increase. Weber concluded that 
the specific heat of diamond is tripled when the 
temperature is raised from 0° to 200°. 

1 Phil . Mag , 1872, xliv. 4G1 2 Ibid, p 251. 


Dewar’s expeimients showed the specific 
heat of eaibon between 30° (1 and the boiling- 
point of zme (918° 0 ) was 0 32. 

Borne three years later Webei published 
results of further experiments, and proved 
that from 600° C. upwards the specific heat' 
of carbon ceased to vary with increase ol 
temperature and became comparable with that 
of other elements. Furthei, the difference 
between the specific heat of different modifi 
cations disappeared By plotting his results 



Weber showed that the specific heat tempera- 
ture curve was of the form of an old English ,, 
He found a point of inflection for diamond at 
about 60° 0., and that for graphite 0° (1. 

Recent researches have shown that the 
curve obtained by Weber is typical of all 
materials when the range of temperature 
investigated is sufficiently large. 

By his development of the technique of low 
temperature research Dewar was able to 



pursue the subject to still lower temperatures, 
and the results for carbon obtained up to 
1912 arc shown graphically in Fig. 1. More 
recent research by various investigators 
employing the electrical method has shown 
that the general form of the atomic heat 
temperature curve closely resembles the curve 
of magnetisation of a ferromagnetic substance 
under a steadily increasing magnetic forces 
with its very gradual beginning, its subsequent 
rapid rise, and its final asymptotic approach 
to a limiting value A few typical curves are 
shown in Fig. 2, the C v curve being obtained 
by calculation from C„ and the value of 0 fl ~ 

3 Phil Mag , 1875, Ser 4, xhv 285. 
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§ (2) The Quantum Theory Explanation. 
— No satisfactory explanation of these facts 
was forthcoming until the development of 
the Quantum theory and its application to the 
problem of specific heat by Einstein, 1 Nernst 
and Lindemann, 2 Debye, 3 and others. 

These physicists developed formulae con- 
necting the specific heat of a solid at constant 
volume with the gas constant R, the quantum 
constant h , the fiequency v, and the absolute 
temperature T. Debye’s formula involves a 
quantity v m , the maximum value of the 
fiequency which can occur. 

In the formulae quoted below p is written 
for the quantity A/R 

For further details reference should be made 
to the article “ Quantum,” Vol. IV. 

The specific heat formulae found are 


C.=3R (§?)* 


T 

(A/*-!).’ 


(E.) 1 


0, 


3Rr(/j^/T ) 2 ^''/T 

^ L + 


(^/2T) 3 e ^/2T 1 

(A/ST-1 )* f 


.&L.), 


C„=3R 


'4rVT\3 

. 5'W ' 


3/3x/T 

A/tIT 


T n - 1 


\7ljSvjT ?l 2 (|8r/T) 2 


+ w*(/Sr/TP + n*( pi 


<W) } (IX) 


In the last expression v is written for v m for 
sim piicity. 

Specific heat is measured at constant 
pressure. Thus to compare with the theory 
the experimental results need correcting by 
means of the formula 

n n _wc& 2 eT 
P 


where a is the coefficient of cubical expansion, 
e the coefficient of volumetric elasticity, w 
the atomic weight, p being the density. 5 

§ (3) Experimental Test of Formulae. 
— E. H. Griffiths and Ezer Griffiths 5 tested 
the above formulae by means of their experi- 
mental data for the metals over the range 
120° 0. abs. to 400° G. abs. 

They found that no one of the formulae was 
capable of representing exactly the experi- 
mental results over the entire range of 
temperature, even when the values of v were 
chosen so as to bring the calculated values of 
the atomic heat into coincidence with the 
experimental values at one temperature (about 
125° C. abs.). 


1 Ann d Phys 1907, xxn. 180-800. 

2 Berlin Sitzungsber ., 1911, p. 494. 

3 Ami d Phys,, 1912, xxxix 789. 

4 The letters E , N. & L , D denote Einstein, Nernst 
and Lindemann, and Debye respectively 

6 See u Thermodynamics,” § (48). 
a Phil, Trans. Roy. Soc. A, 214. 


Tlio results are given in Table I. 

Table I 

Comb \ msoN of tile Experimental Results with 
the Formulae of Einstein, Nernst and 
Lindemann, and Debye 

Column T. — T, absolute temperature. 

Column If — Cjj, from the smoothed curves through 
experimental points. 

Column III. — C P calculated value fiom Einstein’s 
formula (E ) 

Column IV. — C P , calculated value fiom Nernst 
and Lindemann’s formula (N and L ). 

Column V. — C P , calculated value from Debye’s 
foimula (D.). 

The values of pi' are given at the top of the columns. 


T 

Oi>(oba ) 

Op (E ) 

tVCJSf A L ) 

Vp (D.) 

Aluminu 

JM 

iv =292 

pv= 385 [ 

Jr w = 385 

35° 

0 33 

042 

0 37 

0 35 

80 

2 27 

2 18 

2 40 

2 35 

140 

4 20 

4 20 

4 20 

4 28 

200 

544 

5 12 

5 10 

540 

250 

5 53 

5 49 

5 47 

5 47 

300 

5 81 

5 75 

5 74 

5 74 

380 

0 13 

0 02 

0 01 

0 01 

Copper 

pv -222. 

pv 285 pi' m ~z 280. 

33 4° 

0 54 

0 30 

0<82 

0 71 

88 

3 38 

3 00 

3 74 

3 <70 

120 

4 58 

4*52 

4 58 

4-57 

200 

5 41 

5 40 

5 47 

5 47 

280 

6 80 

5 78 

5 80 

5 80 

300 

0 02 

5 90 

0 01 

0 01 

Zinc. 

pv - 4G0. 

pv-^210 210. 

30° 

0 95 

0 84 

1 30 

M3 

80 

44)9 

4-33 

4 33 

4-33 

130 

5-31 

5 >32 

5 31 

5*31 

200 

5-78 

5-70 

5 <77 

5-77 

280 

(>•02 

(>•()() 

0-01 

0 00 

300 

0 21 

049 

049 

0<J9 

Silver 

pv^ 157 

|Sr- 207. pv m * 207. 

35° 

1 58 

1 <40 

1 80 

1 <04 

85 

4-42 

4 <50 

4*53 

4 53 

120 

5-20 

5 23 

5*21 

5<21 

200 

5*84 

5-73 

5 <78 

5<78 

280 

0 01 

0<01 

0-01 

0<0l 

300 

0*10 

0 10 

(M0 

045 

Cadmium. /■ip =41 2 j 

Sr « 143. pv m - 144. 

50° 

3 40 

4 02 

4*10 

440 

115 

5 00 

5 59 

5 <00 

5*00 

100 

5 87 

5 <85 

5 <80 

5 80 

200 

5-99 

5 <97 

5<99 

5 <99 

300 

0-39 

0<33 

0<34 * 

0*34 
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T\bli I — continued 


T 

C„(obs ) 

(fa(Ji) ) 

tfa(N A T, ) 

o,0>) 

Lead 


= 08 

/3v=92 jC 

*u m =94 

23° 

2 90 

3 03 

*06 

2 94 

80 

5 72 

5 75 

5 05 

5 64 

120 

5 93 

5 93 

5 91 

5 91 

200 

0 10 

0 13 

0 13 

6 13 

280 

0 28 

0 28 

0 28 

6 28 

300 

0 15 

0 45 

0 45 

6 45 

Sodium 

^ = 119 

j9^«152 


50° 

3 50 

3 87 

3 98 

3 95 

120 

5 62 

5 02 

6 04 

i 5 04 

200 

0 17 

0 02 

6 04 

1 0 02 

320 

0 78 

0 3b 

0 30 

6 30 

300 

7 32 

0 43 

6 43 

0 43 

Iron 

/3y=286 

/L=370 376 

50° 

0 98 

0G5 

1 10 

0 98 

110 

4 28 

4 28 

4 29 

4 29 

220 

5 45 

5 24 

5 21 

5 21 

300 

6 03 

5 02 

5 61 

5 01 

380 

0 37 

5 82 

5 82 

5 82 


Note — Gu was obtained by calculation fiom the 
formulae and the calculated value of G p — (Ju added 


It will be observed tliat, gonorally, near the 
boiling - point of liquid hydiogen, about 30° 
abs , Einstein's foimula gives values wlncli 
aio too low , from Nemst and Lmdemann’s 
the values are too high , while Debye’s foimula 
gives values which aie m fan agreement foi 
Al, Ag, Zn, and Pb, and, m the case of othei 
metals, it agiees with the expemnental 
values better than either Einstein’s or Neinst 
and Lmdemann’s At liquid air tompeiatuies 
all tliiee formulae give valuos which are too 
high 

It is of but little use to calculate the appropriate 
valuos of v fiom the elastic constants of the metals, 
since these constants aio considerably influenced 
by the nature of the previous heat tieatmcnt and of 
the tempera (rare But it might be lomarked that 
the values calculated from the clastic constants aio 
in accordance with those required by the atomic 
boat results as shown by the data m Table II 

Tiblb II 

Comparison or Frequencies obtained by Cii 

OULATXQN !.■ ROM TUB PHYSICAL CONST INIS 
WITH TIIE VVLUPS ASSUMED IN DjIBYE’s 
PORMUI A 

Frequencies x 10“ x - 


Motail 

Al 

Po 

Cu 

At, 

Gd 

Pb 

v m '’atomic heat) 

8 2 

80 

6 7 

J 5 

8 5 

1 9 

m (elastic constants) 

83 

97 

I ° 8 

44 

3 6 

1 5 


Tho above compuison of the fitquoncics slicnvs 
that the values obtained flora tilt specific lu. at 
equations aie m fan agreement with those calculated 
from the elastic constants 

§ (I) Application op Debye’s and Ein- 
stein’s EoRMTJIAE TO THE NON-METALS' — 
Pure metals afford the most reliable data im 
testing heat theories, but t comparisons with 
the available experimental data for complex 
substances such as crystalline salts (NaCl, 
KC1, KBr, AgCl) and diamond arc of great 
theoretical intei est 

One difficulty in making such comparisons 
is uncertainty m the value of C 3 , - 0 V owing 
to the lack of data concerning the elastic 
constants As data weie not available for 
calculating C v -C v fiom the thermodynamical 
relationship, 

r _wa 2 eT, 

V_/jj ~ " 

P 

Neinst and Lmdemann 1 obtained appioxnnato 
values for C# - C y by a dilfeient procecluie 

Table III 


Absolute 

<V 

Gu 

Tcmpeiature 

a*ewl 

G P TA 

32 4° 

Aluminium 

0 24 

0 21 

35 1 

0 26 

021 

50 

0 29 

0 26 

80 

0 31 

0 28 

100 

0 34 

0 30 

23 5 

CorrrR 

0 15 

0 14 

27 7 

0 16 

0 15 

50 

0 18 

0 16 

70 

0 20 

0 17 

90 

0 22 

0 18 

110 

0 23 

0 19 

35 

Silver 

0 21 

0 25 

40 

0 23 

0 27 

00 

0 25 

0 29 

80 

0 27 

0 J1 

100 

0 30 

0 14 

130 

0 32 

0 36 

23 

Lead 

0 35 

0 31 

28 

0 39 

0 17 

37 

0 43 

0 10 

50 

0 47 

0 43 

SO 

0 51 

0 46 

100 

0 55 

0 49 


They based then method of calculation on 
Giuncisen’s observation that the coefficient 


1 La Thdone du myonnement et fas 
P 265 


quanta, 1012, 
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of expansion is piopoitionu-1 to the atomic heat, 
and obtained the approximate relationship 

C*> - Cy = Cj^TA, 

where A is a constant characteristic of the 
substance which can be deduced from mcasuic- 
ments of the compiessibility and coenicient 
of expansion made at one temperature 
It is possible to test the validity of this 
formulae by comparing the data obtained 
Rom it with those given by the theimodynam 
real equation m the case of the metals Al, Ag, 
Pb, and Cu (see Table III ) 

Nemst tested the formulae of Nemst and 
Lmdemann and of Debye on tho data for 
diamond, and Table IV summaiiBes the 
comparison 

Table IV 


Di tmond (3v - I860 for Debye’s 

= 1940 foi Nemst and Lmdomaim’s 


Obstrvu 

T 

0 

p 

Difltroncu 

01)8 

Cali 

(T)tbyo) 

Obs tak. 
(Peb jo) 

01)8 tali 
(N anti I ) 

Nernst 

88° 

0 028 

0 049 

-0 021 

+0 022 

„ 

92 

0 033 

0 058 

-0 025 

-1-0 024 

, 

205 

0 618 

0 01 

4 0 008 

0 00 


209 

0 602 

0 00 

4 0 002 

H 0 01 

99 

220 

0 722 

0 74 

- 0 018 

=0 04 

Weber 

222 

0 70 

0 75 

+0 01 

-0 02 

Dewar 

243 

0 95 

0 925 

t 0 025 

-0 02 

Webei - 

262 

1 14 

1 10 

+0 04 

-0 02 

99 

284 

1 35 

1 32 

+0 03 

-0 02 

99 

30b 

1 58 

1 54 

H-0 04 

-0 01 

99 

' 331 

1 84 

1 82 

\ 0 02 

| 0 01 

}9 

358 

2 12 

2 07 

i h0 05 

H-0 04 

99 

413 

1 2 GO 

2 61 

1 f 0 05 

+0 11 

99 

1160 

5 45 

! 5 49 

-0 04 

] 0 04 


It will be observed that Debye’s fozmula 
gives an approximate representation of the 
experimental results The Nornst and 
Lmdemann formula gives valuos which arc 
too low between 88° and 92° abs In tho 
case of Debye’s the differences exceed tho 
probable eiror of experiment, the gencial 
tiend being for Debye’s foimula to give 
values which are too large at low temperatures 
and too small at high temperatures In fact 
tho decrease of atomic heat with deci easing 
tempeiatuie is more rapid than that given 
by Debye’s formula Ewald made oxpen- 
ments on the mean atomic heat of diamond 
between 83 8° and 194= 0° abs, and found tho 
value 0 2 119, so that the total energy 
difference between these temperatures is 
23 35 calories , the value calculated from 
Debye’s formula is 25 34 Koiof, employing 
the copper calorimeter described m “ Calori- 
metry, Electrical Methods,” § (13), found 
the mean atomic heat of diamond between 
193 8° and 270 0° to be 0 864, corresponding 


to an enugy diflcionco of 05 8 Debye’s 
formula gives bl 9 calories foi this interval 

Polyatomic SubUanco.6 — The metals and 
diamond aie regarded as monatomic xtr uc- 
tuics, whilst the molecules of giaphite and 
sulphui appear to be compounds ol Hcvcial 
atoms since the atomic heat curve is foi these 
much less abruptly curved towards tho tem 
peiature axis 

Nemst 1 has attempted to apply tho foimulao 
of Debye and Einstein to polyatomic sub- 
stances such as IvCl, Nad, etc He assumes 
tho heat vibiation to bo of two types lust, 
the vibiation of tho molecules as a whole in 
exactly the same way as the atoms of a 
monatomic body, and, second, the vibiation 
of each atom about its position ol lest The 
vibrations of the atoms aio inter pi oted as 
giving use to tho “ Rcststiahlen ” discovered 
by Rubens Smco at low temperatures tlio 
vibiations of tho atoms become much more 
icgulai, and accordingly the absorption bands 
nanowei and moie pronounced, it is assumed 
that Emstcm’s function applies to tho atomic 
vibrations 

Hence foi tho representation of tlie atomic 
heat of tho salts the oxpiession is 

2C„ = J?j (^, 1 ) + > 

in which E 1} h\ aie tho functions of Dobyo 
and Emstem icspoctively, iq the frequency 
calculated Jfiom tho melting point, 2 and v 2 
that found by Rubens by means of the optical 
method, since these salts show one voi y sharp 
mfi a icd absorption band 

Eor details ol the companson with experi- 
ment, lefeienoo should bo made to the original 
papers already lofoned to jr«i a 


Calory oi Calorie 

Tho 15° — The quantity of boat loquuod 
to raiso one gramme oJ watoi tluough 
1° C at 15° 0 Boo “ Then modynamics,” 
§ (2) , “ Heat, Mechanical Equivalent of,” 
§ ( 0 ) 

Tho 17° 5 —.Foi some pui] roses tho range 
from 15° 0 to 20° V is takon and the 
eaiono delined at 17° 5 
0 1 ammo — Ono-hundi cdth part of tho heat 
required to wann one giammo of water 
horn tho melting-pom t to tho boiling- 
point at a pleasure of one atmosphou 
Soo also “ Thermodynamics,” ^ (2), 
“ Heat, Mochamcal Equivalent ol,” § (9) 
Pound. — A Butish unit of heat, being one- 
hundiodth of tho amount of heat loqimod 
to raise ono pound of water fiom tho 

1 Theory of the Solul State (London Univ Press) 

9 Linclomann, Physil Zeihch , 1910, xl (100 Using 
tho hypothesis that tho melting-point ih detei mined 
by the fact that at this tempcraUno the amplitudes 
or the vibiations of the atoms mound their positions 
of rest become commensurate with tho atomic 
distances 
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CAMS, KINEMATICS OF— CATHODE RAY MANOMETER 


melting - point to the boiling - point at 
one atmosphere See also “ Thermo 
dynamics,” § (2) 

Cams, Kinem: atios of See (< Kinematics of 
Machmeiy,” § (6) 

Canal Walls and Effect on Stream lines 
of Moving Ship See “ Ship Resistance and 
Propulsion,” § (36) 

Carbon Dioxide, Latent Heat of Vaporisa 
tion of, determined by Mathias See 
“ Latent Heat,” § (8) 

Carbon Monoxide, Specific Heats of , 
tabulated values obtained by Scheel and 
Heuse See “ Calorimetry, Electucal 
Methods of,” § (15), Table IX 
Carnot’s Cycle See “ Tbeimodynamics,” 
§§ (18), (40) , “ Engines, Thermody- 

namics of Internal Combustion,” § (5) 

For a Perfect Gas See “ Engines, Thermo- 
dynamics of Internal Combustion,” §§ (5), 
(6), (23) , “ Thermodynamics,” § (18) 

For Steam See ec Steam Engine, Theory 
of,” § (2) 

Carpentier - Hospitalise Indicator See 
“ Pressure, Measurement of,” § (19) 

Cascade Method of Cooling , introduced by 
Pictet See “ Gases, Liquefaction of,” § (1) 
Cast Iron See “Elastic Constants, Deter- 
mination of ” 

Crushing Strength § (39) 

Effect of Temperatme on the Transverse 
Strength § (37) (n ) 

Tensile Stiength § (38) 

Testmg— Transverse Test § (37) (i ) 


to the piessuie this is equivalent to a ptesmno 
time xecord The advantage of the method 
lies in the fact that the met La of tin mo\ mg 
part of the lecoidei, the beam ol cathode iu\h, 
is negligible 

The appaiatus consists of two pat Is (1) 
the pressure vessel, and (2) the cathode my 
oscillograph 

The pressure vessel is shown m Fit/ I It. 
consisted m Di Keys’ oxpeiiments ol a binsN 
vessel AB, about 0 m m diamotoi and i] m 
deep closed by a )m steel plate I IK, held 
down by 12 bolts The walls oi the vessel 
were J in thick A spaikmg plug L and a tap 



Fig l 


N are fitted in the steel covoi DE is a tlun 
lead plate electncally connected to a coppei 
wire which passes through an insulating plug 
G m the side of the vessel 
Half of the tourmaline crystals, about I cm 
m thickness, aie attached by a little wax to 
the bottom ol the vessel, the otliei half aie 
attached similarly to a steel plate III The 
lead plate DE separates these two sits of 
crystals, which are so ai ranged that all the 


CATHODE RAY MANOMETER 


Sir J J Thomson suggested the use of Piezo 
Electricity 1 as a means of measuring sudden 
pressures, and the method has recently been 
worked out by Dr D A Keys 2 Crystals of 
torn malm© are exposed to the action of the 
pressure and the electrical charge acquired, 
which is proportional to the pressure, is 
measured by a special foim of cathode ray 
oscillograph 

, of the charge is measured by 

me deflexion of a beam of cathode rays which 
passes between two parallel condenser plates 
which receive the charge separated on the 
tourmaline ciystals 

The beam is also deflected m a direction 
at light angles to this electrostatic deflexion 
by a magnetic field applied parallel to the 
electrostatic field by means of an alternating 
current of knowm frequency, giving a time 
displacement, perpendicular to the electrostatic 
displacement The beam falls on a photo- 
graphic plate, thus a chaige tune record is 
obtained, and since the charge is proportional 


1 article " Piezo Electricity/’ Vol II 

Pismires " PM^Ia 'Jfum 4f1w UUng &LpIo! ' n<! 



. * '•iuuwHib wjui UlO lend 

p ate There are 5 or 6 crystals m each layer, 
the area of each crystal being about 12 ho. < m 
fit is fixed by steel screws to tho bottom of 
the vesse! The lower part of the vowel is 
hlled with vaseline to delay tho transfer to the 
crystal of the heat genorated by tho explosion 
When pressure is applied above HI, D|<; 
becomes positively charged and the amount of 
the charge is proportional to the pressure » 

to fh! ^ 6>U j ated T EOT c<mvo T« the charge 

to the condenser of tho oscillogiaph This is 
shown m Fig 2 Tho cathode ,ays ttl “ 
generated by the hno tungstou filament If, 

3 P Curie, CEuvtes , p 10 
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which is heated to incandescence hy an 8 volt 
accumulator The cathode ray tube GG is 
cemented into a biass sleeve BB which is 
soldered into a biass cylinder CC — the axis of 
this cylinder is at right angles to the paper 
The rays entci the sleeve BB thiough a small 
hole 0, pass between the plates MN of a con 
densei and then between the poles WW of the 
electromagnet and fall on a 
photogiaphic plate N m the 
cylinder CC The plate slides 
m a rectangular box within the 
cylmdei and can be moved from 
outside 1 A window Y in the 
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cylinder CC closod by a screen of willcmito 
allows visual observations to be made when 
the plate is drawn aside and thus facilitates 
adjustment The electromagnet is excited by 
an alternating current ol known frequency, 
thus the time scale is fixed LL is a brass 
guard tube £ m m diameter This guard tube 
and one of the condenser plates N axe con 1 
nected to earth and to one polo of a direct 
current generator supplying a constant poten- 
tial difference of from 3000 to 5000 volts 
The other pole of the generator is connected 
thiough a special double action key R to the 
tungsten filament, the Loy also 
serves to fire the explosive mix- 
ture The second plate M of 
the condenser is connected to 
tho lead plato of the piessuro 


I 

& 2H 
Q 




oil 
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apparatus Oil depressing tho key S tho 
cathode potential supplied by the direct 
current generator is first communicated to the 
tube , a further motion of tho key detonates 
tho chaigQ The cathode rays are deviated 
m a direction at right angles to tho papci 
by tho magnetic field, and until tho charge 
is fired trace a short vertical line on the 
photographic plate The electrification of tho 
condenser plate M due to tho pleasure produces 
a deflexion of the rays m the plane of tho paper 

1 Kir J j Thomson, Rays of Positive Electricity , 
1913, pp 22-23, Longmans, Green & Co 


and thus tho time pressure ciuve is tiaced on 
tho plate Tho displacement of the spot 
depends on (1) the cathode potential and (2) 
tho potential difference produced by tho 
charge between the plates of the condenser 
MN , tho apparatus lequires calibrating for 
these Foi the method of doing this icfcienco 
should bo made to Dr Keys’ paper 
Fiqs 3, 4, 5, b, taken by permission from Ins 
papci, give the results of some of his 
A experiments , the effect of tho ad 
dition of air m slowing down tho 
explosion of II 2 and 0 shown m 
Fig 3 is veiy marked With no 
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air (cuive I ) tho maximum inossmo of about 
220 lbs poi sq m is leacheel m less than 0 0002 
seconds With somo 00 pci cent of an m tho 
mixture (curve HI f the maximum piessiuo 
is lcclucecl to less than 00 pci cent of its for mei 
value and tho rise continues foi about 0 003 
seconds, or some fifteen times as long as 
previously 

Tho curve A, Fiq 5, is a time pressure 
curve for tho explosion of gun cotton unelm sea 
water , it gives tho direct 
1 °1 wave, while curve B is due 

| oo j « to the wavo lofletitxl liom 
the bottom Again m 
Fig 0, the effect of alter 

, 1 

8 - 20 
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mg the distance of tho charge' from tho pressure 
vessel is shown 

Cathode Ray OsoiLLociuAwr Reo Vol II , 
“ Radio Frequency Measurements,” § (45) 
Cavitation Roe “Ship Resistance and Bio- 
pulsion,” § (48) 

Cement 

Artificial and Natural Hydraulic Cement, 
Tests for Portland Cement Reo “ Elastic 
Constants, Determination of,” § (155) 
Character rstio Equations for Tensile Tests on 
Cement and Mortar Rce ibid (157) 
Sotting Tunc Rce ibid § (158) 

Cement and Sand (Mortar) — Tens ton 
Testing Seo “Elastic Constants, Deter - 
mmakon of,” § (15(3) (u ) 
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Cementing Materials — Classification See 
“ Elastic Constants, Detei ruination of,” 

§ (152) 

Centigrade Scale of Temperature a 
scale, used m all modern thermometiie 
work, in which the numbers 0 and 100 corre- 
spond respectively to tho freezing- and 
boiling-points of watei, m each case at 
pressuie of one atmosphere See “ Thermo- 
metry,” § (2) 

Centrifugal Fluid Tacheometers For 
measmmg number of levolutions per unit 
time Seo £ Meters,” § (4), Vol III 
Centrifugal Pumps See “ Air punqis,” 

§ (32) , “ Hydraulics,” § (38) 

Channels, Hydraulic Flow in, and Pest 
Dimensions of Seo “ Hydraulics,” §§ (27) 
and (28) 

“ Characteristic Curve ” for geometrically 
similai structures of which the corresponding 
parts are made of the same material, and 
Non-dimensional Bases Seo <c Dynamical 
Similarity, The Principles of,” § (44) 
Characteristic Equation of State See 
“ Thermodynamics, Definition of,” § (56) , 
<c for Ideal Gas,” § (57) 

Charles’ Law on the expansion of gases 
under constant pleasure states that 

« = -y 0 (l 4-a£), 

v Q and v being volumes at temperatures 0° 
and t a , wheie a. is approximately constant 
(for the more permanent gases) and is called 
the coefficient of expansion at constant 
pleasure , it has nearly the same value for 
all the more poi manent gases See “ Thermal 
Expansion,” § (14) ( 1 ) , “ Thermodynamics,” 
§ (5), “ Engines, Thermodynamics of In- 
ternal Combustion,” § (14) 

Chattock Gauge See ‘ Pressure, Measure- 
ment of,” § (27) 

Chemicvl Pumps See “ An -pumps,” § (19) 
Ciiezy Formula for Hydraulio Losses in 
Pipes See ce Hydraulics,” § (25) (i ) 
Piacticalform of same See ibid § (25) (m ) 
Ciironometrio Instruments For measuring 
number of revolutions per unit time See 
" Motets,” § (3), Vol III. 

Clapeyron’s Equation See “ Thermo- 
dynamics,” § (41) 

Clark Cell, Value of E M F of See 
“ Mechanical Equivalent of Heat,” § (8) 
See also Vol II , “EMF, Standards of ” 
Class Variable a non dimensional group 
of terms connecting a class of problems 
possessing certain geometrical and dynamical 
similarities, tho solutions of which are ex- 
pressible as functions of the class variable , 
if tho problem can be expressed m teims of 
a differential equation, the solution is sought 
for as a power senes m the class vanable 
See “ Dynamical Similarity, The Principles 
of,” § (49) 


Claude’s Modification of Linde’s Method 
for Liquefaction of G \sl& See “ Gases, 
Liquefaction of,” § (1) 

Clausius’ Theorem an advance towards 
the explanation of the departuie of the 
behaviour of fluids from the laws of 
peifect gases See “Thermal Expansion,” 

§ (19) (i) 

Clearance in Steam-engine Cylinders 
See “Steam Engine, Reciprocating,” §(2) 
(vni) 

Clerk Two-stroke Engine Seo “ Engines, 
Thermodynamics of Internal Combustion,” 
§§ (9), (34) 

COAL CALORIMETER 

Various forms of appaiatus have been 
devised foi determining tho calonfic value 
of coal In practically all the selected samplo 
of coal is burned 
in oxygen , the pro- 
ducts of combustion 
are passed mto a 
known quantity of 
water at a known 
temperature, and 
the rise of tempera 
ture is measured 
Fig 1 is an illus- 
tration of the Rosen- 
hain calorimeter as 
manufactured by 
the Cambridge and 
Paul Instrument 
Company The 
instrument consists 
of two parts, the 
calorimeter proper 
containing the water 
and the combustion 
chamber m which 
the sample is burned 
The combustion 
chamber is formed of a glass lamp clumnoy 
closed at the top and bottom by metal clamp- 
ing plates, separated from the glass by rubber 
washers and held together by clamping scicws 
on thiee uprights fixed to tho lower plate , 
the wires connected to the electric ignition 
arrangement pass through tho uppei plate and 
also a tube for the supply of oxygen Tho 
■whole chamber is immersed m the water of tho 
calorimeter An aperture m the plate is closed 
by a ball valve through which the pioducts of 
combustion can issue mto the water, but winch 
prevents the entry of water into tho comhus 
lion chamber On the completion of the 
experiment the valve is raised, allowing some 
v atci to enter, tins is afterwards foiccd 
out by the oxygen and mixed with tho rest of 
the watei, thus ensunng that the calonmotei 
and its contents aie brought to one tempcia- 
ture To reduce tho radiation losses the whole 
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mstiument is placed within a wooden case 
with a glass window m one side 

Oxygen fiom a supply at suitable pressure 
is passed through a coil of metal piping to 
bung it to the temperature of the room and 
then through a wash bottle fitted with a 
thermometer, fiom this it enters the ignition 
chamber , the temperatuie of the watei is lead 
and tho coal ignited by connecting tho ignition 
device to a four volt accumulator , when the 
ignition is complete the chamber is washed out 
and the tempeiaturo again lead A knowledge 
of the water equivalent of the calonmotei is 
requued, and this is most easily obtained by 
canymg out an experiment with a sample 
of known calorific value, if tho tempoiatuio 
range dui mg this expemnent is approxi- 
mately the same as that which occurs m tho 
oidmaiy use of the instrument, tho cottoction 
for radiation will be also co voted Foi 
accurate woik the radiation correction can 
be found m the manner descubed m tho 
article on “ Fuel Calorimetry ” 


Coefficient of Performance of a Refriger- 
ating Machine is the ratio of the heat 
taken m from the cold body to the work 
spent in the compressor (m heat units) See 
“ Refrigeration,” § (3) 

Coefficients, Pressure- and Volume-, of 
Gases The constant (p 100 - # 0 )/100j> 0 = 1/T 0 
is the “ pressuie-coofhciont ” of a gas at tho 
initial pressure stated 

The constant (y 100 - u 0 )/100y 0 = l/T 0 ' is tho 
“ volume coefficient ” of a gas at tho prossui o 
stated See “ Tempoiatuio, Realisation of 
Absolute Scale of,” § (18) 

Coefficients of Viscosity for Fluids, 
Experimental Determination of Seo 
“ Faction,” § (3) 

Cold Stores, Refrigerating Machines for 
S ee “ Rofageration,” § (4) 

Collodion Diaphragm Gauge See “ Pioss- 
ure, Measuiement of,” § (23) 

Compound Engines See “Steam Engine, 
Recipiocafmg,” § (3) 

Compressibility, Effect oi-, on the Motion 
of a Body thro hgii a Viscous Fluid See 
“ Dynamical Similaiity, The Principles of,” 

§ m 

Compressibility of Fluid, Isothermal and 
Adiabatic See “ Tlieimodynamies,” § (55) 
Compression of Gas causes Heating 
Explanation on Molecular Theory See 
“ Tlieimodynamies,” § (66) 

Compression Members in Structures Soc 
“ S tinctures, Strength of,” § (15) 
Compressometers The Yale, Wisconsin, 
Ewing, Marten, and Unwin Instruments 
Soe “ Elastio Constants, Determination of,” 
§ (54) 

Compressors, Theory of See “ Air pumps,” 

§ ( 1 ) 


Concrete 

Detoimmation of Tensile Stiength See 
“Elastic Constants, Detoimmation of,” 

§ (137) 

Detoimmation of Transverse Strength See 
ibid § (139) 

Effect of Vibiation, Jigging, and Picssuio on 
tho Strength Seo ibid § (141) 
Condensation, High- vacuum Seo “ Steam 

Engine, Theory of,” § (8) 

Condensation oi- Supersaturated Vapour 
AS INFLUENCED BY SURI-AOE TENSION See 

“ Thermodynamics,” § (54) 

Condenser, Steam-engine The use of a 
sopai ate condonsei was one of gioat im- 
provements mtioducod by Watt Seo 
“ Stoam Engine, Tlieoiy of, 4} (3) , “ Steam 
Engine, Reupi oca ting,” ^ (4) 

Co nducttvity 

Definition of Thermal Seo “ lleat, Con- 
duction of,” 4} (2) 

Discussion of Methods of mcasui mg Tlioi mal 
Seo ibid § (9) 

Rolation of Thor mal and Electric al Seo 
ibid 4* (10) (l ) 

Values of Thermal, foi Solids, Liquids, and 
Gases Soe ibid Tables 1 to V 
Conductors of IIeat 

Medium, Methods of measuring Thermal 
Conduetrvity of Cylindrical Method — 
Wall Method Seo “ Heat, Conduction 
of,” § (4) 

Medium, Values of Thermal Conductivity of 
See ibid Table II 

Poor, Methods of moasunng Theimal Con- 
ductivity of Spherical Shell Method— 
Cylindi lo al Shell Method — Wall Method 
Soe ibid 4} (3) (l ), (u ), and (m ) 

Poor, Valuos of Thor mal Conductivity of 
See ibid Table I 
Conservation of Energy 
Mayor’s Enunciation of Law of Seo 
“ Mechanical Equivalent of Heat,” 4? (1) 
Joule’s Expoumonls on See ibid 4$ (2) 
Conservative Systems of Forges, Wlion 
tho total woik done by any system of forces 
during a senes of displacements which 
bring tho bodies acted on back to then 
original eonfigui ation is zeto, the system 
is said to bo a conservative one 
Constant Pr assure Cycle, Internal Com 
rustion Engines See “Engmos, Thei- 
modynamics of Internal Combustion,” § 
(29) 

Constant Volume Oyole, Internal Com- 
bustion Engines Seo “ Engines, Thoi - 
modynamics of Internal Combustion,” § 
(32) 

CONSTANTTNESOO SYSTEM OF POWER TRANS- 
MISSION by Wave Motion Soe 
“ Hydraulics,” § (66), 

Continuous Beams, Seo “ Structures, 
Strength of,” § (11) 
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Contraction of Area at Frycture See 
“ Elastic Constants, Determination of,” 
§( 18 ) 

Convection of Heat 

Foiced See cc Heat, Convection of,” §§ (1), 
(2), and (3) 

Fioni Tine Wires and Cylinders See ibid 
§ (2) (u ) and (4) (iv ) 

Natural See ibid ^ (1), (4), and (5) 

Cooling Correction, Method of Calculat- 
ing, in Method of Mixtures Rumford’s 
Pioccduie — Rowland’s Method See 
“ Calonmeti y, Method of Mixtures,” § (7) 

Cooling of Body in Quiescent Gas, Rate 
of , considered by the method of dimensions 
See “Dynamical Similarity, The Principles 
of,” § (28) 

Cooling of Moving Body in a Gas, Rate ox- , 
considered by the method of dimensions 
See “Dynamical Similarity, The Punciples 
of,” § (30) 

Copter, Atomic Heat of, at Low Tempera- 
tures , Ncmst’s values f oi, tabulated Soe 
“ Calonmeti v, Electrical Methods of,” § (11), 
Table VI 

Copper and Cuprous Oxide, Emissivity 
of, determined by optical pyrometer See 
<£ Pyiometry, Optical,” ^ (19) 

Copper, Solid and Molten, Emissivity 
of, deter mined by optical pyrometer See 
“ Pyrometiy, Optical,” ^ (21) 

Copper, Specific Heat of 
At Vanons Tomperatiu es , tabulated, with 
the Atomic Heat See “ Calonmeti y, 
Electneal Methods of,” § (10), Table V , 
§ (12), Table YIII 

Studied by Harper over the lange 15° to 
50° C See ibnl § (12) 

Corliss Valves for Steam Engines See 
“ Steam Engine, Reciprocating,” § (5) (i ) 

Cornish Engine See “Steam Engine, 
Rocipiocatmg,” (13) 

Corresponding States, Van der Waals 5 
Theorem oi See “ Thermodynamics,” 
§ (60) , “ Thermal Expansion,” § (20) 


Counter Instruments For mcasimng 
number of revolutions per unit tune See 
“ Meters,” § (1), Yol 111 
Cranes, Hydraulic See “Hydraulics,” ^ (CO) 
Crank Effort Diagrams See “ Kinematics 
of Machinery,” § (8) 

Critical Constants for Various Fluids, 
Experimental Values for See “ Thermal 
Expansion,” § (30) 

Critical Point, Temperature and Press- 
ure, Definitions of See “ Thermo- 
dynamics,” § (37) 

For Calculation of Critical Data fiom Van dei 
Waals’ Equation, soe also ^ (70) and ((>()) 
Critical Pressure, Refrigeration a hove 
tiie Soe “ Refrigeration,” § (2), Fhj 7 
Critical Temperature The tempei atui o to 
whioh a gas must he cooled bcfoie it can bo 
liquefied by pressure If above the critical 
temperature it cannot be liquefied See 
“ Thermodynamics,” ^ (37), (42) , “ Lique- 
faction of Gases ” 

Crosby Indicator See “ Pressure, Measure- 
ment of,” § (18) (u ) 

Crusher Gauges See “ Pressure, Measure- 
ment of,” § (14) 

Crystals, Non - isotropic, Expansion of 
See “ Thermal Expansion,” §§ (8), (9) 
Thermal Conductivity of See “ Heat, Con- 
duction of,” § (6) 

Current Meters See “ Hydraulics,” § (12) 
Calibration of Current Meters Ibid § (13) 
Cut off The point of the stroke at which 
the supply of steam to an engine cylinder 
ceases is called the “ point of cut off ” See 
“ Steam fcngine, Reciprocating,” § (2) (xv ) 
Cycle of Operations for Internal Com- 
bustion Engines See “Engines, Internal 
Combustion,” § (2), “Engines, Thermo 
dynamics of Internal Combustion,” (2), 
(28) , “ Thermodynamics,” § (8) 

Cycloidal Teeth See “ Kinematics of 
Machinery,” § (9) 

Cylinders, Strength of See “ Structures, 
Strength of,” § (31) 
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Daimler Lanohbster Worm Gear Testing 
Machine See “ Dynainomoteis,” §(0) (i ) 
Dalton’s Law of Partial Pressures 
in Gvsnous Mixtures See “ Thermo - 
dynamics,” § (02) For proof of Dalton’s 
law on the molecular theory of gases seo 
also § (00) 

Damped Harmonic Motion If the dis- 
placement of a point from its equilibrium 
position is given by an expression of the 
form ae-vt sm Q?i-be) the motion is said 
to be damped harmonic motion 
Day, Clement, and Sosman, 1908-1912 , 
comparison of gas-thoimometer with second - 


aty standards of temperature m range 500° 
to 1000° See “ Tempciatuie, Realisation 
of Absoluto Scale of,” (39) (\iv ) 

Deeley’s Experiments on Fluid Frtction 
Tables Seo “ Friction,” § (28) 

Deflection of Beams See “Stiuctmes, 
Strength of,” ^ (0) 

Deflection Diagram for a Feamk See 
“ Structures, Strength of,” § (24) 

Degree of Freedom, Definition of Sco 
“ Kinematics of Machinery,” § (2) 

Degree of Freedom, Equipartitton of 
Energy amongst each Seo “Thermo- 
dynamics,” § (06) 
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Di>nsity op Solid, complied with that of 
liquid, for vauous substances, tabulated 
See “ Thennal Expansion,” § (31) 
Developed Area oi a Screw propeller is 
the sum of the actual aieas of the blades 
11 respective of shape See “ Ship Resistance 
and Propulsion,” § (41) 

Plville and Troost, 1857, used iodine m a 
bulb of poicelam to compare gas-thcimo- 
mctcis with secondary standaids of tem- 
perature m the iana;e 500° to 1000° See 
“ Tempeiatuie, Realisation of Absolute 
Scale of,” § (39) (m ) 

Diaiuiragm Pressure Gauge Seo “ Pleasure, 
Mcasuiement of,” § (21) 

Diesel Engine See “Engines, Thcimo- 
dynamius of Internal Combustion,” §§ (31) 
and (50) , “ Engines, Internal Combustion,” 
§(15) ?eq 

Dietprici, Experiments op, m detei mmation 
of Latent Heat of Steam See “ Latent 
Heat,” § (1) (n ) 

Differential Pulley Block — ■ Weston’s 
Principle See “ Mechanical Powers,” 
§(2) (ii) 

Diffusion, Increase of Entropy due to 
See “ Thermodynamics,” § (02) 

Diffusion Pumps Seo “An -pumps,” § (41) 
Gatdc’s See “ Air-pumps,” § (42) 
Diffusivity 

Definition of Thermal Seo “ Heat, Con- 
duction of,” §§ (2) (a ) and (12) 

Thermal, of Soil Seo ibid § (12) (i ), 
TabloVI 

Thermal, of Vauous Substances See 
tbid Table VII 

Dimensional Formula of a Physical 
Quantity An expression showing which 
of the fundamental units ontoi into the unit 
of the quantity, with then dimensions, r t/ 

[Fj=[MLT--*J, 

F being the unit of fence, M, L, T those of 
mass, length, and time 

Dimensions of Electric and Magnetic 
Quantities Electrostatics Soo“ Dyna- 
mical Similauty, The Pi maples of,” § (35) 
Dimensions, Homogeneity of, in a Physical 
Equation the fundamental principle that 
all the touns m any oquation having a 
physical significance must necessarily have 
identical dimensions Boo “ Dynamical 
Similarity, The Principles of,” § (5) 

Disc, Tup dry of tiie Sectored, used m 
radiation pyromotiy to cut down the radia- 
tion by a definite fraction so that the same 
galvanometer deflection is obtained for two 
different tomperaturos of the radiator See 
“ Pyrometiy, Total Radiation,” § (5) 
Drsc-AREA Ratio of a Screw-propeller is 
the latio of the sum of the actual aioas of 
the blades ( i e the developed area) to the 
aioa swept out by the tips of the blades 

YQL i 


See “Shi]) Resistance and Piopulsion,” 
§§ (41) and (41) 

PlbPLACEM EN l 1 DIAGRAMS 1- OR PotN'IS IN 
A Mechanism Seo “ Kinematics oi 
Mac Imi ei y,” § (4) 

Dob B tE-McLNNEb Indicator See “Pussuio, 
Measurement of,” § (18) (in ) 

Double - acting Engine See ffc Steam 
Engine, Kcupiocatmg,” § (2) 

Drifting Test of Miiais See “Elastic 
Constants, Determination of,” § (31) 

Drop Test of Tyres See “ Elastic Con- 
stants, Determination of,” § (36) 

Drop -Valves for Steam Engines Seo 

“ Steam Engine, Reciprocating,” § (5) (n ) 
Ductility, Workshop Test for See 

“ Elastic Constants, Detei mmation oi,” 
§(10 

Dynamical Equations in Tfrms of Dis- 
placement, i > or an Eimtric Solid See 
“ Elasticity, Thorny of,” § (7) 

Dynamic vl Equations in Terms of Stress, 
i - or an Elastic Solid Seo “Elasticity, 
Thorny of,” § (0) 

DYNAMICAL SIMILARITY, THE 
PRINCIPLES OF 
I General Principles 
§ (1) General — Scientific icsoaich concerns 
itself with the discovery and explosions of 
laws as exact i elutions between physical 
quantities of difleiont kinds Involved m 
the oxpiesBion foi the magnitude oi any such 
quantity aio two conceptions- the nature oi 
kind of unit m terms of winch it is lepiesontcd, 
and the magnitude or number of times the 
unit ooouia in the ])hysical quantity considered 
Thus, m the statement that iho earth’s 
diumotoi is 8000 miles, thcio is implied the 
nature oi the fundamental unit (mile) m tcixns 
oi wlueh the diameter is measured, and the 
number (8000) of those units winch aio jiroscnt 
m iho physical quan lily J 1 the whole function 
of seieiitific lesoaieh consisted in a compau- 
son of quantities of the samo land then the 
desiderata in the selection of a unit could 
bo easily defined, and would meioly involve 
such consi delations as definiteness, non* 
susceptibility to secular change, and capability 
of accurate comparison with the quantities to 
bo oxpiossod m toims of it Since, however, 
research m its widoi sweep investigates and 
expresses lelations between quantities of such 
difioront kinds as forces, tomperaturos, 
magnetic moments, etc , it follows that, for 
simplicity and clearness, not merely must 
these units bo selected to satisfy the above 
loquuemonts, but only such units must bo 
accepted as o* pi ess all the quantities con- 
cerned m iho simplest manner possible in 
terms of the minimum number of independent 
units 


a 
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§ (2) Stage Units — For meie geometrical 
relations which are expressions of space tiuths 
involving lengths, areas, and volumes, it is 
clear that only one independent unit is 
required, which, apait flora convenience and 
hum, may aibitmnly be selected as the 
unit of length of aica, oi of volume If, 
for example, V, the unit of volume, be taken 
as the standard dimension, then since the 
product of three lengths provides a volume, 
the dimensions of length would be V*, and 
that of area V' It is obvious that the 
clearest and, to us, the simplest expressions 
will be obtained by choosing as our standard 
unit a length L, giving ns dimensions oi aica 
L a and volume L J 

^ (1) IxrJsrKRivrro Units —Passing to laws 
involving kinematic considerations it becomes 
at once cleat that a new unit must be intro- 
duced to pi oxide a measure of motion, a 
change in length with time , and once more 
the simplest mode of i ©presentation is arrived 
at by choosing, not a unit for speed or accelera- 
tion, and hence expressing the fundamental 
idea of time m a moic or less complicated foim, 
but by selecting a unit foi tune, say T Speeds 
and accelerations are then at once seen to 
have the dimensions L/T and L/T 2 lespectively 

§ (1) Dxnamioxl Units — But the two 
units of length and time are not m themselves 
sufficient to specify quantities which arise im- 
mediately we enter the domain of dynamics 
At the basis of this section of analysis lies the 
fundamental idea ot foico and its representa- 
tions in terms of mass and acceleration 
Befoie a full expression for the dimensions of 
dynamical quantities can therefore be set out, 
eithei a now unit of foice must be introduced 
m terms of which, by Newton’s Second Law, 
the dimension of mass could he expiessed, oi 
ib unit of mass must he presumed and the 
dimensions of dynamical quantities douved 
flora it Once moie ior icasons of simplicity 
we choose the lattoi Accordingly, writing 
M as the dimension of the mass unit, the 
following table of quantities and their dimen 
sumal lepi oscillation may be drawn up 


Quantity Dimension 

Quantity 

Dimension 

Length 

L 

Force 

MLT- 2 

Tunc 

T 

Kinetic energy 

ML 2 T- 2 

Mass 

M 

Impulse 

MLT- 1 

Linear speed 

LT- 1 

Wmk 

ML 2 T- 2 

Angulai speed 

T" 1 

Moment of force 

MLPT-* 

AooelcinUon 

LT" 2 , 

Moment of Inoi Ua ML 2 

Momentum 

MLT" 1 

| Density 

ML- J 


§ (5) Homogeneity oi' 1 Dimensions in a 
Physical Equation — Since the mathematical 
{cumulation of any physical law is a statement 
of equality or relationship between physical 
quantities necessarily of like nature, since 
indeed a force cannot be added to a mass 
but only to another foice, no; a tompeiatuie 


equated to an clectnc cliaige but only to 
another temperature, it follows that all the 
terms m any equation having a physical 
significance must necessanly have identical 
dimensions In the expression for the velocity 
acquired by a paitide m vacuo dropped fiom 
rest undoi gravity, for example, 
v 2 = 2(jh, 

the dimensions of the left-hand side are 
(LT" 1 ) 2 =L 2 T~ 2 , 

while on the light -hand side they are 
LT~ 2 x L=L 2 T“ 2 , 

the constant being of course non - dimen- 
sional This fundamental principle serves not 
meiely as a check on the intelligibility of any 
f oi mu la derived either on experimental or on 
theoretical grounds, but can be turned to 
much gi eater advantage by providing a prion 
information regarding the form which the 
lesull of any investigation ought to take It 
will become apparent as the subject develops 
that there exists here a potent weapon for a 
preliminary analysis of any proposed pioblem 
Particularly is this true m the realms of 
physics and engineering 

The method that may be adopted wall 
become apparent from a few simple dynamical 
illustrations Let us assume that the time of 
oscillation of a pendulum in vacuo is the piob- 
lem for analysis, m ordei to determine how 
the ponod depends on the length of the sus- 
pension, the mass of the pendulum hob, and 
the value of giavity Without a preliminary 
analysis along the piesent lines, and failing a 
complete mathematical investigation, it would 
appear at hist sight that a complete experi- 
mental study of the problem would involve a 
threefold senes of experiments corresponding 
to variations m length of suspension, mass 
of bob, and giavity Consider the physical 
factors upon which the period might possibly 
be dependent They are, mass of bob m, 
length of suspension l , value of gravity g, the 
form of attachment possibly, and the shape 
of the hob The last two factors may or may 
not entei, but m any case it is not clear how 
they can he directly introduced by any single 
convenient symbol Let us assume then that 
in all the experiments those aie m van ant, and 
therefoie fiom our a prion knowledge wo ahum 
l , g)y 

wheie / lepiesents the function which requires 
doteimmation Let us suppose this expanded 
m a powei senes m m, l , and q , so that 
t~'2Am as l v g ,i , wheie the terms A aie constants 
independent of m, l , and q and functions only 
of the shape of the bob This much, however, 
wo can atlirm, that eith term m the expression 
must of necessity represent a quantity of the 
nature of time, and must; therefore liavo the 
same dimensions as U 
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Now the dimensions of 
m a l v g z aie MM/(LT- 2 )*=MM>+*T- 2 ’, 
and equating these to the dimensions of t wo 
find 

^ = 0, y-K = 0, ~2i = l, 

i = 0, y~\, /=“! 

flence 

wheio c is somo unknown constant A pie- 
limmaiy analysis of the problem has now ic- 
duced the necessity for a threefold set of 
experiments to one experiment, and ono only, 
to determine the value of c We have shown 
in fact that theie are not in loality three 
vanables m , l, and jjrjn. the problem, but ono 
single variable which groups together 

a whole system of expenments as essentially 
of the same type What then is the common 
pnnciple that mns through the problems of 
the times of oscillations of pendula of different 
lengths undei different values of <7, that it 
should bo possible to group them together ? 
What is the physical or dynamical significance 
of this grouping ? 

§ (6) Dynamical Similarity — In the fme 
going analysis wo might equally well have 
taken t to lepiesent the time taken for the 
pendulum t o sw ing out to a given angle a, 
then i = cV(Z/< 7), wheie c is now constant, 
when a is constant It follows at once that 
if two pendula of lengths / x and Z a , at differ ont 
points on the earth’s surface such that 
gravity is g x and g« respectively, are allowed 
to swing, then at all times t ± and t z such that 
h \/(<7i ll>i) ~t 2 \J (<7 2 /y, the pendula will be dis- 
placed by equal angles A senes of photo- 
graphs on plates of the same size taken of all 
such pendula at any such senes of conospond- 
mg times will be identical Tho gcomotucal 
configuiation foi all such corresponding times 
ai 0 similar Systems m motion which can thus 
ho giouped together quite generally as pass- 
ing through geometrically identical phases for 
equal values of a non-dimensional grouping of 
corresponding quantities — m t he ab ove case 
foi equal values evidently of t \/ (g/l ) — aro said 
to possess dynamical similarity 
§ (7) Application to Particle Dynamics 
— Consider a furthoi example from particle 
dynamics A particle of unit mass is pro- 
jected with velocity Y m a field of force such 
that the acceleration at any point (a?, y) ib 
A(x, y), what information relative to the dis- 
tance traversed after any timo is supplied by 
the method of dimensions ? For this purpose 
let us write A(a, y)~a a(x, y ), whore a is tho 
actual acceleration at some special point, say 
the point of projection and a{x, y) is the func- 
tion giving, as it were, the law of distribution 
of acceleration Under these circumstances 


since both A(r\ y) and a aie accelerations, 
a(a, y) must be of /oio dimensions Rcstnctmg 
oui selves then to a scucs of pioblcms foi 
which this law of distribution icmains un- 
changed although tho magnitude of tlio accol- 
eiation at any point may vaiy — 1 e the function 
a lemains unaffected, but ci vanes fiom 
pioblem to ptoblcm — we may say that 8, the 
distanco tiaveisecl aftei any time t , is a function 
of V, the velocity of piojection, a the measuro 
of the accoleiation, and t the time, 1 c 

S=/(V, a , i) 

Wilting as befoie 

S = SAV«W, 

and equating dimensions, we find 
(L) x — l-y, 

(T) 0=H 2 ij~z> c=H //, 

S=3AV I -W 1 »'=Vi ~ A (y) V 

8 mco 1/ is quite aibitiaiy and may have any 
value whatsoever while still satisfying tho 
dimensional conditions, tins implies that 


S=Vi 


whoi 0 IP 1 eprosonf s an ai bitrai v function The 
paitieuku case of constant acceleiation along 
the direction of motion giving tho well-known 
foimula 




is loaclily scon to be of this foim, foi it may bo 
wi itton 



§ (8) NON » DIMENSIONAL V MlIABLfcH — It 

should bo paitioulaily lomaikcd that tho 
pioblem has reduced it sell f o tho detcnnination 
of tho t elation between two non -dimensional 
groups of tonus >S/Vi and at/V, tho functional 
1 elation between tlio two dcpoucling puroly on 
tho geomotncal condifions of the problem and 
m noviso on tlio dynamical principles in- 
volved In tho same way tho case of tlio 
oscillating pendulum was reduced to tlio deter- 
mination of tho value of the single non- 
dunonsional group of terms, /V(r//Z) as a more 
numbor 

In goneral, it will bo seen that foi dynamical 
problems, at most thioo equations can bo 
obtained Irora the dimensions of mass, length, 
and time, although there may bo loss if any 
of those be absent In general, tberofoie, if 
there axe n quantities upon which tho whole 
functional relation deponds, tho indices of 
thtoo of these quantities can bo oxpicssod m 
terms of the others, and there will be loft a 
1 elation botween non-dim onsional gioups 

of tenns 

§ (9) Application to Planetary Thlcorv. 
— As a further example of a slightly diffeient 
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nature showing the insight here provided into 
a problem without actually analysing in detail 
the dynamical conditions, consider what may 
be deduced from Newton's Giavitational Law, 
regarding the periodic times of planets 

The attractive force between two planets of masses 
mi and at distance r apart is, according to Newton, 

r z 

Accordingly the dimensions 1 of L, a gravitational 
constant, are 

[I]=[F] x — l=(MLT- 2 )(l 2 M- 2 )-Lni- 1 T- a 

LWim 2 J 

If d be the major axis of the orbit of a planet of mass 
E moving round a central sun S, then r, the periodic 
time of the motion, can depend only on d, E, S, and l, 

T=f(d, E, S, i)=2A»S 2 I«, 
T=[r]==[^EW«] 

~Jjx+2u]£V+z-tt r £~2u 

Hence equating like dimensions 

3 4-3w=0, i/+z—u~ 0, —2u=l, 

4 , y=*-z- J, 

T=SA(Z (iEr^|y 



From which Kepler’s Third Planetaiy Law 
follows immediately, that the square of the 
periodic time is proportional to the cube of 
the major a\is of the orbit 

But it is not m the field of pure dynamics 
that the method here developed receives its 
most fruitful applications In almost all 
branches of physics a preliminary analysis of 
any problem that requires investigation, pro- 
vides an insight into the mam factots which 
are at work, and thus generally indicates the 
direction m which the research should be 
developed 

In aerodynamics and aero-engineermg, for 
example, we are concerned with the laws of 
air resistance to bodies of vauous shapes, and 
with the rates at which heated bodies such 
as radiators, etc , 'will cool m a cunont of 
air Especially during lecent years have 
innumerable problems of this nature arisen 
which, because of the complex and intricate 
mathematical expressions for the physical 
laws involved, have not yet yielded to 
theoretical analysis On the experimental 
side, however, a considerable amount of work 
has been earned out, frequently without 
according the results the full mtei pi elation 
that might have been given them from the 
present standpoint It will become evident 
that only by an analysis along the lines 

* ft will be convenient to write symbolically in 
future— Dimensions of £=[ 2 ] 


developed heie can the full and most uasoii 
able inteTpietation for anv such woik bo 
obtained 

§ (10) Application to the Motion oh 
Fluids — In dealing with the motion ot finals 
it is necessary, m the hist instance, to set out 
111 detail the defining pioperties of that medium, 
quite apait from auy theories regal ding the 
moleculai constitution of the fluid — -liquid 01 
gas In the selection of such definitive pin 
pci ties, then, we aie only concerned \utli 
those that are called into action undci the 
cncumstances contemplated in the pioblcm 
It suffices aceoidmgly to clchno any thud as 
dense, viscous, and clastic 111 the fit at instance, 
omitting for the moment ihoso propel ties 
that become evident on the application of 
heat Other propci ties may make themselves 
apparent m special cncumstances, whilst even 
some of those enumerated above may m otlic 1 
circumstances become of little consequence 
If we are concerned, for example, with t ho 
dripping of liquid from a tube, the clastic 
properties of the fluid may be omitted, its 
viscosity may even play only a minor part, 
while surface tension enters as an impoif int 
factor since the problem is cloaily affected 
by the nature of the conditions at the aui face 
between the liquid and tho an 

As lar as all these piopeities aio concerned 
it is possible to express then mcasme, as 
m the case of puiely dynamical quantities, 
m teims of the thice fundamental units of 
mass, length, and time, from tho moio defini- 
tion of the physical properties they aio intended 
to represent 

Viscosity, tor example, is introduced through 
the coefficient of viscosity g defined by 
/a = viscous force per unit area pci unit velocity 
giadient , fiom 17111011 it follows tint tho 
dimensions of jx aie 

M — [Forco]/[Aiea] x [Velocity giadient] 
s= (MLT- 2 )/(L 2 ) x (T" 1 ) & MI-r^T " 1 

As already indicated, density ( p ) has dimen- 
sions ML ~ 3 Surface tension (S), defined as a 
force per unit length of a curve, has theicloie 
dimensions 

[S] =. [Forco]/[Longth] = MT“ a 

§( 11 ) Surface Tension —As an illustra- 
tion of the use of these expressions, considei 
tho question of determining tho size of tho 
drops of liquid which fall fiom a tube oJ 
given diameter when the liquid is allowed to 
flow slowly dow r n tho tube undci the influence 
of gravity and capillaiy foice On general 
physical grounds — on tho basis of our 
experience in fact — wo assume imtailly that 
the mass of the drops will depend on tho 
value of the surface tension between tho liquid 
and the an, on the density of the liquid, and 
possibly on its viscosity, and as fai as an 
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initial scrutiny of the question is concerned, 
these would appeal to be the only properties 
of the fluid that ought to entei On general 
grounds moreover, we are aware that for slow 
motions viscosity plays a veiy minor part, 
and since in the present instance the motion 
is essentially slow since the fluid is only 
dnppmg, viscosity might legitimately bo 
omitted fiom the discussion, but whether or 
not this is justifiable is of oouise definitely 
a question ot experiment The only other 
factor that would enter then is the size and 
shape of the tube Let the diameter he d, 
but the shape cannot be introduced by any 
defimto symbol 

Let the mass of each drop M bo pitsumed a function 
of S the surface tension, p tin densit y, g gravity, and d 

M=/(S, p , g , d) 

Taking as a typical turn m the expansion of this 
function A & x p v y s d u , and writing it dimensionally, wo 
find 

M=IMJ 

Hence equating powers of like dimensions 

^+y=l 5 —2a,— 2* =0, -3yd s+tt*»0 

x~\ — y, s«"l+y, w-=l+2y 


The typical term is thus 




From this simple analvsis it can consequently 
bo deduced that the problem undoi discussion 
must he regarded as the determination of the 
law of vanation of the non dimensional group 
Mp/Sd with tlio non-dimensional gioup 
S/gpd 2 , and that since the form of the ap- 
paicntly aibitiary function </> can depend on 
nothing but the shape of the tube, the curve 
obtained by plotting MqISd against 8 jrjpd* 
will be ehaiactenstic of that shape of tube 
and quite independent of the actual values 
of S, d, p, etc Actually, it has been found 
by experiment that M the mass of the drops 
is proportional to d the diametei of the tube 
(Tate’s Law) If wo now therefore examine 
the function (SfZ/?)0(£%pd 2 ), it is cloar that 
unless the function ^ ho a meio constant 
M cannot possibly be proportional to d, and 
consequently on the basis of one sot of in- 
vestigations during which d alone is varied, 
while S, p, etc are maintained constant, it 
can he deduced that when all the quantities 
are vaned 

,, ASd 

M V’ 

whoiG the constant A may be determined 
from one experiment 

In the same way, if the drop of liquid bo 
set in vibration, the frequency n will depend on 


q , p, d y and S as before, from which, noting 
that \ n ] is T" 1 , it can easily be shown that 

•■v® »(j.) 

§ (12) Vibrations of a Gravitating Liquid 
Globe — A globe of liquid, such as a planet 
m a fluid state, is held together by its own 
giavity, and is sot into a state of vilnation 
by some external clistui banco What inter ma 
turn legal ding the frequency of vibration m 
any of its modes can be derived by the 
Dimensional Method ? 

The fiequency will cleaily depend on p the 
density, d the diameter of the sphere, and l 
the gravitational constant, assuming that 
surface tension and viscosity aio without 
influence on the question Accordingly 
n=/(p, d, /0 = LApW s 

The dimensional oxpiessions foi each oE the 
quantities d and l aio known and have already 
been used Inserting theso it follows at once 
that, x~z"} , jj~Q 

Itenee \ /(pL), 

and it appeals that the fiequency is in- 
dependent of tho diametei of the spheric and 
proportional to tho square root oi the density 

§(13) Velocity of Waves — By a smulir 
process of reasoning it is easy to establish 
the Xoimulao for tho wave velocity in the case 
of heavy gravity waves m deep sea, ?? 2 c~r/\ 
whore X is the wavo-longtli, and v 2 c-8/X /> for 
small suiface-tonsion wavos 

A cloai insight into tho principles of 
Similitude that lio at tho basis of this method 
is best afforded by a general treatment oi the 
motion of a viscous fluid, coi relating many 
apparently divciso phenomena, and laying 
them clear as natuial consequent, t s ol tho 
operation of tho general principle of Dynamical 
Similarity 

§ (14) Motion of a Body in a Viscous 
Fluid — Let it be supposed that a body or 
Byatom of bodies of given geometrical shape, 
and sr/o spec died by tho length l ot some 
portion of the system, is moving wrth velocity 
V m a fluid of density p and kinematic viscosity 
v{ and for the moment it will be 

presumed that the fluid is inelastic As a 
mattoi o£ actual experiment it is found that 
not until tho velocity approaches that oi 
sound wavos m the medium do its elastic 
properties make themselves apparent Then 
the velocity v at some point of tho fluid 
geometrically fixod with rcforonco to tho body 
may quite gonorally bo written as 


v-<p : t(V, p, v , l), 

while tho slopo 0 ol tlio stream hno at that 

pomtw o= M v,r,v,i) 


Applying tho principle of Homogeneity ol 
Dimensions and remembering that 0, tho 
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slope, is of zeio dimensions being a meie 
number, it is found that 



The second equation indicates that the shape 
of the stream lines and the dnection of motion 
at any time depend only on the value of the 
non dimensional group VZ/ z>, and not on the 
separate constituents of that group The 
magnitude of the velocity likewise depends 
on Yl/v and on V alone We see in fact that 
provided a system of bodies are all geometric 
ally similar, their sizes being different, the 
systems of stream lines generated are likewise 
similai, provided Ylh is maintained constant 
throughout the system 

§ (Id) Reynolds’ Number — As a matter 
of actual experiment Reynolds, 1 by a brilliant 
senes of investigations, demonstiated that 
the whole process which takes place during 
the motion of a fluid does not depend alone 
on any of the single quantities V, l, v, but 
on the group , moreover that foi any given 
problem — -in his case the flow of fluid through 
circular pipes — Yl/v is a critical variable, 
which when it attains a certain value corre- 
sponds to a more 01 less rapid change from 
one state of flow to another, from the steady 
so-called stream line flow to the sinuous and 
turbulent state of eddy formation Let us 
suppose then that eddying has originated, 
that is to say that the fluid on its passage past 
the obstacle forms m the neighbourhood of the 
sides of the latter a system of eddies which 
aie shed periodically 

§(16) Frequency of Eddy Formation — 
Let n be the frequency of these eddies, then 
clearly it can only be a function of V, Z, v, and 
p apart from the geometrical shape of the 
obstacles 

n ~ f ( V , l , v , p ) 

Remembering that the dimension of n is T" 1 
and applying the method of this article, wo 
easily find 



indicating once more that if Yl/v is maintained 
constant for a senes of similarly shaped bodies, 
for such a system 

V V 2 , 

n OC-_ o. — cc r . 

I v I* 

Hence for a given value of Yl/v, and a given 
fluid so that v is also constant, the frequency 
is proportional to the square of the velocity 
or inversely as the square of the size 
§ (17) Dynamical Similarity in the 
Motion of a Viscous FruiD— What this 
1 Phd ' han't clxuv 935, Collected Work *, n 51 


implies miy be summaiised by saying 1 hat 
if a series of bodies all of the same giomoliK <tl 
shape be moving in a system of fluids, viscosities 
zq, j/ 2 , with velocities V x , V 2 , then 
provided Yl/v is maintained constant, photo- 
graphs of the flow pattern taken on cinemato- 
graph films of the same size will all bo identical 
as far as the consecutive geometrical configura- 
tions of the stream lines and eddying systems 
are concerned 

The rates at which the processes unfold 
themselves will, however, bo diffeient, being in 
fact determined by the evpiessions for the fie 
quency n , but clearly if the photogiaplm lie 
compared at corresponding tunes as indicated 
above, the pietuies will be identical We see 
m fact that the condition, Yl/v = constant, 
involves for geometrical similar ity of bound- 
anes, physical similarity in the motions 

This idea has been seized upon and used to 
gieat advantage m aerodynamical and naval 
architectural analysis, for, as will be immedi- 
ately seen, it provides the basis for the analysis 
of full-scale problems m aeroplane, an ship, 
and naval construction, by means of tests on 
models 

§ (18) Relation between Experiments 
on Model and on Full Scale — Such 
analysis, m general, centies itself round tho 
question of how, fiom measurements oi the 
forces originated duimg tho motion ol the 
model, to predict the cor responding for cos 
that will be called mto play during the motion 
of a full-scale machine oi part 

The details of this will be given in another 
section (“Aeronautics Scale-effect ’’J, 1 but for 
the purposes of the piesent article wo may 
note the mam principles at woik II R 
resistance of a body of dimension l m its 
motion through fluid of density p and vise unity v 
with velocity V, we may say that R ~ f ( p , V, Z, V), 
and applying again tho method of the present 
article we easily detonmno R in the form 

R=pW/(^) 

§ (19) Non - dimensional Resistance Co- 
efficient — Stating tho law of resistance m 
the manner that has been followed m piovious 
analysis as a relation between two non- 
dimensional groups of terms, 



indicating that the question of the forces re- 
sisting a body m its motion through a viscous 
fluid is most propeily represented as a cm vo 
showing the variation of the “ resistance co- 
efficient ” (non-dimensional) R/pV 2 / 2 as ordi- 
nate, against Reynolds’ non - dimensional 
number Yl/v, as a base 
§ (20) Characteristic Curve — Such a 
curve will be characteristic of that shape of 
1 See Vol IV 
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body, but 'will be absolutely independent of 
the “ scale ” of the pioblom and of the con- 
sistent set of units in terms of which the 
vanous factois are expressed If theiefoic 
by oxponment on a model of an airship, 
aeroplane, or any portion of it, values of the 
resistance coeihcient can be obtained for a 
sufficiently wide range of the single vanablc 
VI jv the same icsistance derivative will be 
valid for the full scale at the same value of 
VI I u In actual piacLce it is extremely 
difficult, except m laie cases, to attain a 
sufficiently wide range of this quantity, and 
methods of extrapolation suppoited by full- 
scale expemnents have to be resorted to 1 

Fortunately, extrapolation is gieatly simpli- 
fied m piaetice bv the fact that foi mci casing 
values of Vl/v, the icsistance tends to mcioiso 
steadily as the square of the speed, so that 
R lpVH\ and consequently f(Vl/v), tends to 
become constant 

§ (21) Forces during Accelerated 
Motion — In the above discussion wo have 
meicly consideied the question oi the foices 
called into play when the body is m steady 
motion Can we derive fiom lirst principles 
any information legal dmg the natuio of the 
resistance when the body, moving under an 
acceleration a, say, passes through the velo- 
city v, without our having iecoui so to the 
complicated mathematics of fluid motion ? 
Employing the same symbols as previously, 
but wilting v as the velocity not of steady 
motion but of the body at the instant under 
consideration, and a its acceleration at that 
moment, then following the piocoss ahoady 
adopted wo obtain as the expression for the 
resistance 

R=^/(? t)’ 

where in. addition to the non-dimensional 
gioup Y Ijv already obtained, thoio is now 
mtioduced, the oxpiossion «7/?; a on which the 
additional resistance depends, not, bo it noted, 
on the acceleration alone, but on the variation 
of tins gioup 

§(22) Virtual Mass — To cloteimmo more 
closely the effect this pi oclucos on the resistance, 
let R-= icsistance for steady motion at velocity 
v, and R + oR the icsistance for an acceleration 
term nllv 2 small computed to unity, then 

R =pvVf( v J, o), 

and 

R-tSR=pv*Pf^, J) 

= ^{/(~> o) +%(*;• o) + ]. 

5E = paPf 1 (^, o), 

1 For a Ml explanation of tins, see “ Aeronautics,” 
Vol XV 


indicating that the additional foici ongmated 
by the acceleiated motion is equal to that 
leqimcd to give a mass of fluid pPf livl/vt®) 
the acceleration a of the body Rut pV is 
proportional to the mass of the displaced 
fluid, and consequently it follows that foi a 
givon value of ol/v, the effect of acc delating 
the motion is to give nee to an apparent 
increase m mass piopoitional to tho mass of 
the fluid displaced 

Measurements of this so-called “virtual 
mass ” aio of importance in tho stability of 
unships whore the mass of fluid displaced is 
the same as the total weight of tho ship, and 
wheie consequently the “ virtual mass ” may 
acquire a considerable magnitude It may 
bo remarked that for investigations of this 
nature tho results would naturally bo plotted 
showing tho variation of tho non dimensional 
resistance coefficient R/pv 2 / 2 either with vl/v 
for vanous values of al/v* or conversely, 
and for a complcto investigation tho full 
lange, zero to infinity, of aljv 2 must be 
covered 

§ (23) Experimental Dltermination of 
Virtual Mass — Foi longitudinal accelera- 
tions such expemnents have been successfully 
conducted 2 A body dropped fiom iest and 
allowed to fall in a fluid till it i caches its 
limiting velocity, gives at tho commencement 
of the fall v~0 and a and l finite so that 
theoiotically «. while, wlion the limiting 

velocity is icachcd and l and v axe finite 
so that a photographic study of tho chango in 
motion then pi ovules sufficient data to deter- 
mine tho virtual mass 

Numerous and careful oxpoumonts have 
boon conducted to test tho aoouuioy of tho 
deduction Unit Joi non-acccloiatod motion 
of a viscous fluid tho state ol affairs doponds 
meicly on the value of vljv Reynolds, 3 as 
ahoady indicated, showod beyond doubt that 
for tho flow of a liquid m a tube the pass- 
age from steady to sinuous eddying motion 
occurs more oi less sharply at a definite valuo 
of this numbei, 8 taut on and Pannoll, 4 fol- 
lowing up these experiments, veiihod that 
foi an a similar result hold ftmee then 
numerous predictions fiom model results m 
aeronautical and mar mo investigations to full 
scale have completely justified tho deductions 
On the other hand, it is clour that the cncum 
stances of the problem must be such as will 
not involve tho origination of properties ol 
tho medium prosum od non-existent 

§ (24) Effect of Compressibility — In 
ballistics, for examplo, wo are concerned with 
the motion of a body at speods approaching 
tho velocity of sound, so that one might expect 
that not meroly would oncigv bo lost dur mg the 

a Cowley and Lew, Advisory Committee for Aero- 
nautics, JR, and M , 612 

a Trans li $ , loc oil 

« Ibid A , ccxiv 190-224 
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motion in overcoming viscous forces, but also 
m the production of waves that is to say, 
we must now icgai d the medium as being 
both viscous and compressive Now the 
velocity of sound in a medium of elasticity 
E, density p, and viscosity v, is given generally 

by V=/(E, /J ,») = S AEV>*. 

and equating like dimensions we easily find 


2 = 0 , 


t - a -/ (!) 

To find the modified expression for the resist- 
ance in this case we write 


R =/(/), v, l , v f E), 

and followmg the normal procedure we deuve 



where V is the velocity of sound m the medium, 
mdicatmg that for a given value of vl/v, the 
resistance coefficient depends solely on the 
ratio of the velocity of the projectile to the 
velocity of sound 

§ (25) Effect of Rotation Propeller 
Shell — If in addition the body possesses a 
spm Q, due to rifling, there would be present a 
term 91 /v, 

R n/vl V 9 l \ 

Y~v) 

Two pomts of importance may be noted In 
the first place for such high speeds as would 
cause the elasticity of the medium to play an 
important part, the value of vljv would m 
general be so large as already to be well above 
the range for so-called scale variation foi the 
viscous foices , that is to say, further increase 
in value of the term v 7 /v w ould have no marked 
influence on the value of the resistance co- 
efficient In the second jolace, problems of 
practical impoifcance involving the iotation 
of moving bodies divide themselves under two 
heads, those m which the teim 9l/v is of 
prime importance as m the case of the pro 
peller, and those m which the spm has no 
appreciable effect on the resistance as m the 
case of bodies symmetrical about the axis of 
rotation — shells, bullets, etc In the latter 
case the rotation exists only for purposes of 
stability and dnectmty, and plays no measui- 
able part in affecting the resistance 1 Re 
stnctmg ourselves to the second part, expen- 
ments on ballistics conducted pnor to and 
during the war (1914-18) have succeeded m 
providing a more or less complete representa- 
tion of the forces on a projectile (shell) for 


4 discussion of the performance of propeller, as 
a Junction of the non-dimensional group Q.I! v will 
be found under “ Propelleis ** 


speeds varying up to and well ovei 2000 let t 
per second It is found that plotting ll/pr 2 !* 
the resistance coefficient, against r/V , tho < m \o 
remains practically stiaight and hnn/onlal 
until a speed appioachmg that oi sound is 
attained, when it rises steeply and tuinmg 
at the cutical speed diminishes slow l v It 
appears then that m the legion of Ibis min al 
speed piopeities of tho medium elites w liu h uj) 
to that point play no pait Tho most n ituial 
non dimensional base for repiescntation then 
changes from vljv at low speeds to r/V at hmh 
speeds 

It may be mentioned in passing that m tho 
case of the sciew motion of a body not sym- 
metrical about the axis of iotation, such as a 
propeller for example, our discussion so lnr 
implies that at speeds at winch the viscous 
scale effect due to tho presence of tlio vljv 
term is no longei of importance as a vanant, 
the term til/v will become the principal non- 
dimensional base of variation until tho speeds 
developed approach the velocity of sound, 
when the new factoi v/V will begin to oxouiso 
an increasing influence The anticipation that 
at such high speeds a cutical state will set m 
is fully home out by expenment 

By the method of this chaptoi it is rvabuit 
that the expression fox tho pitch oi tho nolo 
pioduced by the rotation of a piopelJel at 
noimal speeds will be given by 

n=OfQ, 

w hile for excessive speeds 

~Jvl v\ 

n - Q S\ v ' v ) 

For such an instalment as an Aeolian hup 
if d = chametei of whom, tho jutcli oi tho nolo is 



Actually Strouhal has found experimentally 
n<-c{v/d) mdicatmg that tho function is a mate 
constant It should be remarked that a 
similar expression was found fox tho pound 
of the eddies pioduced by tho passage of tho 
wind past the wires, thus suggesting tho 
connection between tho two phenomena 
§(26) Deduction of Havart’s Luv An 
interesting lllustiation of tho pmvoi possessed 
by the dimensional method of inducing experi- 
mental investigation to tho necessaiy minimum 
is afforded by the investigations of Riwurl 15 on 
the notes sounded bv similar vossols contain- 
ing air The law' proposed by him after an 
elaborate senes of experiments ovei oxtiomo 
limits, many notes, and numeious shapes oi 
resonating boxes, was that tho number oi 
vibrations per second, or pitch of tho losonatmg 

- Anmles de Gimme , Paris, 1825, xxix 
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note, is mvci&ely proportional to the linear 
dimensions of tlio vessel LIxs experiments 
included tests on boxes xn the shape of cubes, 
piibnutie tubes, conical pipes, etc , all of 
which veto set resonating m dilteient ways 
This lesult, to establish which requited such an 
elaborate senes of experiments, can be seen to 
follow at once from dimensional considerations, 
± 01 , if ?? be the number of vibntions per 
second, E and p be the elasticity and density 
of the medium and l a linear dimension of tho 
box, then n~f(1, E, p) and remembering that 
|»] = T- 1 , [Ej=ML-iT- 2 and it 

is easily seen that n^ljl J(E/p) where the 
constant of proportionality depends piucly 
on the shape of the vessel Havart’s Law 
follows at once 

§ (27) Tr Mi’RR vrtntE — In tho foregoing chs 
cussion it has been presumed that the temper a- 
ture of the medium remains constant, or at 
any late it does not bring into piommeneo 
any now property of the medium It is now 
proposed to remove this lestriction The 
conception of temperature is of an essentially 
different nature from any o£ those we have 
already discussed The scale of tempo] atui o 
is selected to provide some basis for the 
measurement of “ hotness ” of a body 
Having at our disposal standards of mass, 
length, and time only, it is manifestly impossible 
by means of them to determine or reproduce a 
temperature , for this purpose some other 
property of matter as affected by heat must 
be selected to solve as a standard of measure- 
ment Accordingly, it becomes necessary at 1 
this slacfo to introduce a new unit 0 of 
temperature, and m tcims of this and the 
units already adopted it should bo possible to 
write down with compaiative ease the dimen- 
sional expressions for tho quantities that now 
arise 

In dealing with the conduction and con- 
vection of licit there aie two coelheients, 
characteristic of any particular substance, 
whoso dimensions will be req lined, they aie, 
a quantity measuring tho amount of heat 
that must be given to raise unit volume of 
tho medium through unit dogiec of tempera 
tine, and a quantity me tsunng the heat trans- 
fet red acioss a section of unit depth and unit 
area m unit time for unit difference m 
temperature These quantities are of course 
respectively tho spoeihe heat (c) and tho 
thermal conductivity (k) of tho medium 
Expressing heat entirely m terms of energy 
units where it occurs, it then follows that 

[r] ~ | He it |/f V ol ] x [Temp MLr*T"KH, 

U J = [Heat j/[Lengtb] < [Time] > [Temp ] 

^MLT-ae- 1 

In connection with many problems of convec- 
tion, the cflect of the expansion of the an 


under the influence of the heated surfaces may 
attain some considerable importance in the 
tr insmissmn of the heat, and as a consequence 
the quantity 3 is introduced, representing the 
change m density pci unit chuige m tem- 



[o] = ML~ ^O”* 1 

l) (28) Rate of Cowing of Bony in 
Quilsotnt Gas —As an lllnstiatxon of tho 
utility of tho method of dimensions m tho 
discussion of problems of cooling, consider 
tho rato of loss of heat 7? ol a bocly of given 
shape, of size l ol one pait, m a quiescent 
atmosphere of density p and kinematic 
viscosity v If A and c have the meanings 
previously attached to them and (3 be the 
temperature difference maintained between the 
body and the gas at a great distance, at winch 
tho latter is unchstuibed by tho presence of 
tho body, it will be justifiable to write 

/*-/(/, l, o, /», 0), 

assuming that in this case the changes m 
density with temper atuio are not sulbcient to 
afleet tho question The modifications ml in- 
duced if this condition is violated will bo 
apparent, and adjustment easily made 

Imagining the function / expanded as m previous 
illustrations in tho hum 

2A ZWpVCF, 

then 

The dimensions of h, tin ratt oi 3 k at loss, aie those of 
(Ueal)/(Time)— MtAT* 1 

M v| s 1 11 T" v 
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and consequently snue u, ?, mid themmieneal 
(oefheiont ol each term may as lar as can 
here ho determined have any value what- 
soever, it is to bo concluded that 

-•*(&. D 

Whether or not all the quantities which have 
been assumed of importance m the deter- 
mination of h actually do entei is a question 
to be decided only by experiment, to which 
wo shall return shortly 
§(20) Non - dimensional Variants —Ecu’ 
the moment it can bo concluded that tho 
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problem of iate of cooling in this instance 
reduces itself to a consideration of the vuua- 
tion not of A alone, but of the non dimensional 
group Ii/ILQ with the non dimensional valiants 
pl 2 jl 2 G 2 0 and cvjl If wo aie dealing with the 
rate of cooling m gases then practically cpfl, 
the ratio of the emissivities for momentum 
and for heat, is a constant tor all gases, and 
consequently this teim may be omitted from 
the function / 

A considerable number of experimental 
investigations have been conducted on this 
pioblem and m all cases it has been found 
that the rate of heat loss vaues directly as 
the temperature difference 0 In effect this 
implies that A/0 is independent of 0 and that 
consequently f(l 2 pjl 2 c s &) above is a constant 
Hence 

h=aUQ, 

indicating that the rate of cooling is pro- 
portional to the si/e of the body and to the 
conductivity The coefficient a depends of 
couise on the shape of the cooling body 

If, however, it is illegitimate to assume that 
the expansion of the gas duo to heating is 
negligible as a factor m heat transmission, but 
that the expanded portions becoming theieby 
lelatively lighter will tend to stream upwards, 
and as a consequence the heavier portions 
downwards, a new teim introducing the change 
m weight of unit volume pei unit change 
in temperatuie must be considered Such a 
factor is of corn so (j{dp/dB) or go 
Hence geneially 

A— J(2, jt, C f p , V i 0, go), 

and following the lines of the previous argu- 
ment 

»-**(!&?•?) 

Por the reasons adduced in the foimer case, 
the final form sufficiently approximate for all 
practical puiposes is 



provided the problem is restricted to heat 
transmission in gases The form of the 
function %, depending as it does on the shape 
of the body under consideration, will now 
bo completely determined graphically from 
a single set of expemnents for which the non 
dimensional group lg8jc is allowed to vary 
over a range, for each point of which the non 
dimensional term h/Uc9 is measured The 
resulting curve obtained, invariable for all 
systems of units, will then be characteristic 
of those special boundaries 
§ (30) Rate op Cooling op a Moving Body 
IN a Gas — Problems of great practical import- 
ance arise m connection with the rate of heat 
transmission from bodies in motion m the air, 
as m the case of radiators and an cooled 


encmes In these problems the into 
transmission will actually depend on tl 
lational velocity V m addition to the <p 
aheady enumerated above The inti< 
of this extia symbol, as can easily bo 
by an application of the dimensional t 
gives use to the “fluid motion” to 
in tho functional expiessiou Tf und< 
circumstances it can legitimately be pi 
that the term bi ought m by the lato of 
of density would not materially ailect 
of heat transmission, an assumption t 
be examined shoi fly, then, foi masons 
sot forth, /CW Vl\ 

oi, since evil is constant foi a gas. 



§ (31) Experimental Determinate 
Unknown Function — In tho case < 
loss from long circular wncs past wl 
is sti earning with velocity V, it has been 
that A vanes approximately as 
the moment this be accepted as coricc 
possible immediately to determine til 
of the function, for the only expiessio 
such as will make 7ioc V* is A V(V/ 
the wne, moreover, is of diameter a, it i 
legitimate to substitute a for l m this 1 
order that when the wne is of inhmto 
there may result a finite beat loss p { 
length It follows, therefore, on tho foi 
assumption that 

hcr-lW/J ' (“) 

since cvjl is constant 

The most rational method of iepres 
graphically the experimental icsults i( 
to above would be by plotting the 
dimensi onal te im hj llQ on t he non-dunoi 
base \l[Waju) oi J(aVc/l ), hom wlur*h, 
above law is exact, a straight line wot 
obtained characteristic of that particular 
of wne 

§ (32) Dynamical Similarity — It t 
be remarked that if Vljv and dcfpV 
mamtamed constant fiom problem to pn 
the system of stream lines and state oj 
geneially will remain geometncally si 
for tho velocity v at any point geometi 
fixed with respect to the body will bo < 
form d Jl Be \ 

V"Ar v’ pfi)’ 

and the argument follows closely that ad 
m the case of the motion of viscous i 
ah eady outlined 

More recent investigations of the ra 
cooling of wires m a current of air, by 

1 Bussell, Phil Mag , 1910 \x 501 
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King, 1 have shown the picbencc of another 
teiin besides that involving V-, vi7 a term 
proportional to the square of the linear dirnen 
siona of the hot body King m fact found 
that a close approximation to the results he 
obtained for the rate of heat transmission was 
given by the empirical formula 

]iz=(d-6 Q )l (A\/Va+B-! Oa] , 
where A, B, and C are constants for the 
paiticular gas and shape of who — cnculai m 
Ins case L P Richardson 2 has suggest ed 
that the presence of the teim c(6~0^la 
indicates that the velocity near the hot body 
is partly pioduccd by the using of fluid duo 
to theimal expansion It follows, therefore, 
if tins is sound, that the additional leim 
ought to be expressible m tei ms of the 
appiopnate gioup already referred to, viz 
gl/c dpi dO 

§ (33) Moke accurate Di- termination of 
Unknown Function — -Wilting tlioiefoio 


f %), 

as denved on dimensional leasomng, and 
equating tins to the ompnioal foimula found 
by King, 

- 1 ). 

ifc is indicated that the fonn of the function / 
must be , 

? qa dp 


V(?) 


+ Q H- R 


d0' 


where P, Q, and R aio now meio numbers 
determined solely by the geometrical conditions 
and uni vei sally applicable for any gas once 
the valuos of these three numbeis have been 
deuved from King’s cxx>enmental results 
The complete formula is consequently 


*=«■(«- «„)[Pa/ ( f x) +Q+Rl ? 


^'1 

do]’ 


giving the i elation between the rate of heat 
loss and the remaining quantities l, etc* , 
which weic not presumed vanable in the 
actual expenment 

§ (34) NON-DIMENSIONAL GROUPS ARM THE 
Real Variables — The leal variables m fact 
in the piohlem aie tho dependent non- 
dimensional quantity - 0 Q ) and tho m 

dependent non-dimensional groups aVo/l and 
ga[c dp I d(), while tho most rational graphical 
representation of the experimental lcsults 
would bo obtained by showing the law con- 
necting tho variation of tins dependent 
vanable with each of these independent 
vanables, the system of curves obtained being 
then chaiactenstic of this class of problem, 


1 Phil Tram A, 1014, cexiv 373 432 

2 Proc Phm jS 'op xxxii Pt V 40(5 A discussion 
of tho experimental results of numerous woilceis is 
given fiom the standpoint of the present article by 
A II Davis, Pfal Mag , Dec 1020 xl 


and dependent only on the geometrical con- 
ditions 

II Dimensions of Electric and Magnetic 
Quantities 

§ (35) Ellctrost vtics — The treatment of 
eloetucal and magnetic phenomena from the 
standpoint of the pteseni aiticlo picsonis some 
points of mteiest Considcung m the Inst 
place electrostatic quantities, we possess it 
piesent no means of oxpiessmg electric or 
magnetic chaige duectly in teims of any of 
tho fundamental units already introduced 
Accordingly a consideration of cleeti ostatro 
quantities must mtioduco a new unit directly 
related to the chaige The simplest method 
of representation is through the quantity K, tho 
specific inductive capacity, and the expoii- 
montally known law of foico between dunged 
bodies Accordingly we unto 

1 ee' . 
j- r - , = loico, 

K r 1 

giving as the dmiensionsof aehaige Ix-M-L'T" 1 
At once, from the dehmlion of the quantities 
concerned, it ispossible to di aw up tho following 
table 


Quantify 

hymbol 

Dimension 

Charge 

e 


Ekotrio intensity 

F 

K 

Potential diJToicnoo 

v 


Cm rent 

i 

kWiA 1-2 

Resistance) 

R 

kAA 

Capacity 

(J 

KL 

Specific independent I 
t apaotty / 

K 

K 


In the samo manner, commencing with tho 
definition of magnetic poimoabihfy g- as 

1 mm' , 

, -a force, 

fJL ?“ 

m and m f being the strength of two 
magnetic poles, wo can draw up a parallel 
list of quantities involved m magnetic 
phenomena, c q stiongth of magnetic polo has 
dimensions /AVIDIA 1-1 Jt would appear at 
fust sight as if those two lists were quite 
independent and that two scpai ate units, 
K and fi, for the chsuission of oloctuo and 
magnotio phenomena would loquiro to ho 
mti educed, but it is known that magnetic 
and oloetuc phenomena aio closely interwoven, 
that currents flowing through wires originate 
magnetic fields m bheir neighbourhood 
§ (36) Relation between Electrical and 
Maonetto Units — We have in fact this con- 
necting link, that it a magnetic pole oi strength 
m is made to thread a circuit once in which is 
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flowing a current of strength i, the total work 
clone is measured by 

woik done=47m& 

Hence the dimension of the product of mag- 
netic strength and electnc current are those 
of work 

(fi'MlL ‘T - 1 )(IC'M-L’T - -) = ML 2 T ' 2 . 
=L~ >T = [l/Volocity] 

The most natural standard velocity to adopt 
in such circumstances would be the velocity 
of electromagnetic waves in the particular 
medium, and accordingly ve liavo the relation 
^K=A/Y 2 , 

wheie A is some constant which accurate 
experimental investigations have, m fact, 
shown to he equii to unity Tins simple 
yet fundamental relation between /t and K 
enables us at onco to reduce the two systems 
of units to one, either by expressing all the 
electrical quantities m terms of magnetic 
units or vice vena We express them here m 
terms of electromagnetic units as follows 


Qu uitity 

Sj mhol 

Dimension 

Clmrgo 

(3 


Electric intensity 

E 


Potential chile lcnec 

V 

/ACl't" 2 

Curiuib , 
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Resistance 

R 

mLT' 1 

Cap icity 

C 

- 1 r - l m <l 

/U L T 
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K 

— It - 2—2 

JU Li JL 

Strength of magnetic ~\ 
pole / 

m 


Magnetic foiec 

II 

iu.-h$L-h~ l 

Magnetic indue turn 

B 


Magnetic pox mt ability 

P 

fi 

Coefficient of induct \ 
ance f 

L 

fxL 


By means of these dimensional relations it is 
possiblo once more to group togethei whole 
classes oi investigations as dependent on the 
variation of certain non-dimensional groups, 
thus indicating a lational method of plotting 
the results obtained 

§ (37) Applications — The following ^elcc 
lion of simple results can be derived directly 
by the method of the present aiticle 

Time taken foi a current in a circuit of resistance 
R and inductance L to fall to a given fx action of its 
intensity when switched off is proportional to L/R 

A periodic EMI? of any fonn whose amplitude 
is specified by E and period 27r/p acting on any 


system, of resistance R and inductance L, product * 
a maximum cuxicnt given by 

w “r j (k) 

Eor a simple EMF gi\ cn by Ecospt, it is know n i li i \ 



Expression for the eneigy per unit volume oi an 
dectxomagnctic field of dectnc and magnetio in 
tensities 3? and H respectively is 



The total energy of a chargee of dimension d movin'* 
with velocity v m a medium of constants /<, and L 1 1 
}urc*./v\ 

ci J {v)’ 

whac V —velocity of electiomagnetic waves m flu 
medium , consequently the electrical mass m is 



The radiation R fiom an accelerated electron is 

R V ^\v)’ 

where a —acccl elation, and the ladiation is assumul 
independent of the diameter of the electron 

III Txie Alligation of the Principles m. 

Similitude to Models 
(38) Model Experiments and their 
Pull- scale Equivalents — The principle 
developed in the foregoing paragraphs, 
serving as they do to group together piocesst n 
occurring m geometrrcally similar systems, 
provide tlie most natural method of approach 
to the problem of the relations of models to 
then full-scale counterparts The lines of 
development m the ease of the use of models 
for the determination of the wind fences on 
aircraft have already been discussed Two 
further aspects of the geneial question will 
be here treated What, m the first place, must 
a model fulfil as regards working conditions 
in order that its motions and working may ho 
directly comparable with those of the full- 
sized machine ? That is to say, what aie tbo 
relations between weights, external fences, 
speeds, etc , that two systems initially 
geometrically similar may continue dmmg 
their motion to remain geometrically similar, 
that the relative positions of the parts of one 
system after a time t may always he similarly 
situated to the relative positions of the eono* 
sp ending parts at time t% where t and t' bear 
a constant ratio to each other It is dear 
that if these conditions can he determined 
and a model produced to opeiate satisfactorily 
while woiking under them, then the full- 
scale machine will also ojierato satisfactorily* 
The second aspect, dealing with the strength 
of construction of the model and of the full- 
scale, oyill be tieated shortly 
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§ (39) Condition job continued Similar 
I TV IN WorKINO 03 ? Modll and Full-scalr 
— Co i responding to each part of the system 
theio Mill be a scheme of ecjuxtiom between 
the moving forces and aeccleiation pioducod, 
ot the foim m(<l 3 xldt 2 )~X. for the model, and 
foi the full sized machine m'(fZV/c77 /2 )=X', 
where m and w f are the masses of couespond- 
rng pa its, occupying corresponding positions r 
and i' at corresponding times t and t' X 
and X' are tlie coi responding moving foices 
Eoi continued geometneal similitude at tunc 
t and t' connected by t — Tl', whoro T is some 
constant, theie must bo 't—h', m— M»?', and 
X = FX' where 7, M, and E aio constants 
dotei mining the scale of the one with icfcionce 
to the othor Hence, inserting these m the 
hist equation, 


Mm'Z c7V 
T- eft' 3 


EX', 


or 




X', 


and the motions will thcicforc remain identical 
if i!/7/T 2 F = l, the same equation then apply- 
ing both to model and full-scale lienee the 
moving forces of model and full-scale must be 
m the latio E, where 


In the same way, had the corresponding times 
been eliminated by comparing the systems at 
eoi responding speeds wc would have found 
that foi similarity the moving foiees must bo 
piopoitional to MV 2 // 

The following conclusions may accordingly 
be drawn for a comparison of the working 
of a model with that, of the full-sized machine 
Since the weights of tiro paxts, regarded as 
oxter nal forces, aic propoitional to then masses, 
V 2 w=7, and tire velocity of working must be 
piopoitional to the square root of the lincai 
dimensions , external moving foi cos must 
beai a constant ratio to the weight and must 
tlieioforo mcieaso as tho cubo of the lmeai 
dimensions, if model and machine are made 
of the same material 


IV (Similitude of Structures 
§ ( 10) (Structural Strength — Tuimng to 
the question of tho relation between tho 
atiuctuial strengths of models and lull-scale 
constiuckons, it is proposed to show that tho 
thooietical basis of model strongth tests on 
structures may bo developed m a rigorous 
yet simple form by an application of tho 
method of Dimensions 
When a homogeneous prismatic strut of 
length l and flexural ugrxhty JET, simply 
supported at the ends, is subjected, to axial 
end thrust E up to a load given by 


tho undellected position is one of stable 
equilibrium provided the ultimate stress is 
not o\t ceded Beyond this so-called Filler’s 
Critical Load, the straight position is one of 
unstable equilibrium If tho strut lx delict ted, 
as long as the load is maintained the axis 
will continually undergo ehango in shxpe 
until it ultimately takes up a foim of 
elastica During tins process tlu yield point 
of the mat on dl may ho exceeded and the 
material may iirptuie The stmt may thus 
bo supposed to fail foi two possible icasons, 
on tho one hand because its shape has been 
permanently changed from tho straight 
normal position owing to the instability of 
that positron, and on tho othor hand because 
tho actual material lias failed to withstand the 
stresses originated Tins conception is of: 
comso not limited to such a simple structure 
as a stmt, for it may be seen that in general 
a framework of anv kind may fail for either 
of thoso two roxsons It is proposed to 
investigate what information may be furnished 
xegaidmg these two types of failure, luptuio 
ind instability, foi a stint true m genera), by 
an application of the dimensional theory 
Consider tho case of a stiuctuio of tho typo 
of an aeroplane framework foi dehnileness, 
although the argument is quite general, whoro 
it is supposed that tho assumptions made m 
the ordinal y beam theory apply to cvoiy part 
Let the length of one pait, say a hay, bo given 
by 7, the area of a particular Rectum by A, 
moment of inertia T, and tho elasticity and 
density of the maloml of which it rs composed 
E and p respectively Liven these quantities 
foi this one portion, it will ho assumed that 
the shape and geometry of tho stiuctuio 
involve an exact specification of how to derive 
tho eon osj rond mg quantities for tho remaining 
portions Lot tho external load ho F, applied 
in some given manner specified geometrically, 
and suppose Hub is sufficient to produce a 
stress just gr oaten than tho yield stress / 
in tho material of the weakest member E 
can only depend apart from tho geometry 
and maimer ol application upon tho quantities 
enumerated above, defining tho properties 
of tho material These are as follows 


Quantity 

Symbol 

Dimensions 

Young’s modulus 

B 

M/LT 3 

Area 

A 

L 2 

Moment, of me riia 

I 

L 4 

Length 

l 

L 

Density 

P 

WIV 

Yielding sti ess 

/ 

M/LT 3 

Gravity 

17 

L/T s 

Load 

E 

_ ! 

ML/T 2 


Since E, tho load wlueh will cause collapse 
by rupturo of the material, must involve 
these quantities grouped together m such a 
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manner as to make the dimensions of the pro 
duct identical with those of F, we may write 
F=^(E, A, I, 1, p, /, q) 

Applying the method ahcady used frequently 
m this discussion, we easily find 
El ,(f A W 


„ El, ff A WI\ 
F ~ P’/A’ l')’ 


where 

function 


P /A 

for the moment 
Writing 

^=EI 


an arbitrary 


so that this quantity may bo considered as a 
non dimensional critical loading coefficient, it 
follows finally that 




ff A W IN 
\&’ P* /A’ P) 


s (41) Non-dtmensjon\l Critical Loading 
Coefhoient — It is clear from the definition 
of (j) that foi a given structure where l , E, and 
I are known r/> is uniquely determined when F, 
the breaking load, is found, so that the dis- 
cussion of collapse by niptuio may equally 
well bo centred round cj> Let it be 'clearly 
understood that tlio exact form of the function 
xj/ above depends only on the geometry of the 
structure, including the mannei of loading 
and the law of distribution of material 

Out of the general class of fiamework 
embraced m tins discussion so fax, let there 
he selected a penes of which all members 
axe identical with respect to external shape, 
dilleiing only m scale Tins implies that A, 
the aiea of cross section of any selected part, is 
proportional to l\ and I to P Foi this senes, 
theiofoie, A/l 2 and I/P aro constants depending 
only on the geomctiy, and accordingly the ex- 
pression for <p now takes the simplified form 



It is not difficult to give an interpretation to 
the two non dimensional quantities // E and 
W//A The former, being the xatio of the 
yielding sttess to Young’s modulus, may be 
taken as the strain at the yield point, on the 
assumption that Ilooke’s Law applies rigor- 
ously ovci the whole range In the same way 
W//A is the ratio of the weight of a particular 
member, say the weakest, to the maximum, 
tensile or compressive foi co, as tlic case may be, 
which that memboi is capable of withstanding 
without yielding, assuming that the section A 
is taken at the position of collapse 
§ (12) Non dimensional Variables — As 
far as a discussion of the breaking load 
coefficient «/> 2 is concerned, it is evident that if 
a series of geometrically similar structures be 
selected, two distinct non-dimensional van 
aides, and two only, functions of the material, 
affect the question These aie the strain at the 
yield point foi the weakest member, and the 
ratio of the weight of that member to the 


maximum tensile oi compiessive foico it 
can withstand at the point of yield It is 
equally cleai, however, that the so called 
geometrical lestuctions deteimimng the dis- 
tribution of the constants of the mat ends 
m a composite stiucture are not absolutely 
vital to the above discussion, so that violations 
of the laws determining the selection of the 
material fiom member to member would not 
necessarily vitiate the conclusions arnved at 
heie For example, one would not bo ngoi- 
ously entitled to vaiy I, A, and E in ceitam 
membeis, since such a change would cleai ly 
upset the geometrical smulaiity of shape and 
the distribution of foico, with the possible 
result that the previously weakest member 
might now not remain such No such trouble, 
however, could anso if the selection of tlio 
materials was made without changing those 
factors, but allowing a vanation m/, the yield- 
ing stress, so long as the previously weakest 
member always remains so in the scries This 
is equivalent to an increased latitude m tlio 
scope of selection of matenal 

Generally m experimenting with a model 
of this nature it is convenient, of couiso, to 
have corresponding parts m the model and 
the full scale structure composed of identical 
materials If, for example, the fianio of an 
aeiop]ane was under discussion, wnes m tho 
model would be composed of the same metal 
as those m the original , corresponding stiuis, 
spais, ribs, etc , of the same wood 

Since tho quantities /, E, l , p f cte , m tho 
expressions for </> 2 all refei ultimately to tho 
same part of the model, to ensure geometrical 
smulaiity m tho widest sense it follows that tho 
assumption that // E is a constant is one which 
is obvious experimentally Undei these cit- 
cumstances also W//A, as can easily be venfiod, 
becomes proportional to the linear dimension l 
The bi cakmg load coefficient </> 2 , therefoio, 
when the weight of tho structure contributes 
towaids rupture, is purely a function of l 3 

and the form of the function is determined 
only by the shape of the vaiious paits, tho 
geometry of the loading and tho so called 
geometry of the matenal 

§ (43) Limiting Size oe a Heavy Struc- 
ture — This exqircssion for </> a may liken iso bo 
supposed solved foi l m terms of Foi oveiy 
external load coefficient this equation then 
determines the size of the stiuctuio conespoml- 
mg to failure When there is no external load 
and failure is due to weight alone, 0i(/)=O, 
an equation determining the smallest size ol 
a structure that wall collapse under its owm 
weight 

When the matenal is not sufficiently heavy 
to involve the weight of the structure appieei- 
ably as a factor m causing collapse, the term 
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W//A may be omitted m the genoial equation 
and the expression for </> 2 takes the relatively 
simple form 



§ (44) Non - dimensional Bases, and 
ce C haracteristic Curve” — Let us imagine 
that the weakest member is leplaced by 
anothei of the same geomctneal shape and 
size but with a different value of //E, though 
not so dilferent as to pi event its remaining the 
weakest membei , then a test on each one of 
these models will give a paitieulai value of </> 2 , 
bteakmg load coelhcicnt, and these when 
plotted against // E will give a “ charactci- 
istie ouive ’* foi the structure of tho given 
geometry Eoi geometrically similai stiuc- 
tmes of which tho 001 responding parts aio 
made of the same material, so that // E is 
constant, the breaking load coelheient becomes 
an absolute constant foi the senes depending 
for its value purely on the shape It follows 
that a single test to dcsti uition on a model will 
suffice unde ? these conditions to dele ) mine the 
healing load coefficient <p 2 , and thoiefoio tho 
breaking load F for any othei member of tho 
senes of geometncally similai stiuctmes 
§ (45) Failure due to Instabitity — It is 
assumed in this section that the failmo is not 
necessarily accompanied by collapse or ruptui o 
in the matenal, but is due merely to perma- 
nent deformation of tho configui ation of tho 
structure It follows that, m tho expiossion 
for tho critical load, tlio yield stress does not 
entei although all tho other terms A, l, E, I, 
p, g may do so Using </> 2 as a critical load 
coefficient defined by FZ a /EI=</> 2 , then 





AWT 
L a ’ EA’ P 
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obtained by the same method as m tho previous 
section 

On tho understanding that tho strut lures 
m the sgi ics are all geomotncally similai as 
legaids external shape without reference to 
material composing them, then A/2 2 and I/P 
aio constants foi tho series, and 



where W/EA is the ratio of tho weight of a 
membei to the tensile or compressive foieo 
required to pioduce unit strain at some par- 
ticulai section of that membei 
If conespondmg membei s of tho senes aio 
made of the same matenal, then W/EA is 
easily seen to bo proportional to l , fiom 
stiuctuio to structure, and as before tho 
critical loading coefficient 

f'-'P S) 

depends on the size only 
§ (46) Critical Lgadinq Coefficient a 
Constant for Collapse due to Instability, 


— When the weight of tho stiuctuio is negli- 
gible as far as its effect in contnbulmg to 
failure is concerned, the whole instability 
ansmg from the external loading, then </> a 
is a const nit for a senes of stiuclures of 
identical form mespcctiye of tho matenal 
of which it is composed, and a test to destina- 
tion on one model sujjiics foi the senes 

It has been found that tho critical loading 
foi a uniform pusmatic stiut of noghgiblo 
weight under end tluusts and simply supported 
at tho ends is givon by 


so that (ji foi this Btiuctmo is i r Foi a stmt 
under tho samo conditions, but with clamped 
ends, <l> = 2tt 

In certain cases of simple shapes of 
stiuctuios, it is obvious that Iho function <p 
may bo denved by calculation, as foi example 
in the abovo two cases, but foi moio compli- 
cated pioblcms wlieie tho calculation is too 
abstruse a numbei of points on tho chaiactei 
istio cui vo may bo denved by a senes of 
tests to destruction on models 

In the special cases where <f> is a constant foi 
the senes a singlo test on one model is clearly 
sufficient This, as has been shown, applies 
with equal foice whole tho collapso is duo eilliei 
to instability oi to lailuio of tho matenal 

Tho basis of the oxpoi oriental mol hod thus 
having been made secure, no scale effect 
difficulty of the tvpo normally ansmg m, say, 
aoiodynamic woik being present, it should 
now be possible to pioceed to a direct aocuuvto 
test of failuio and its causes under various 
circumstances 

§ (47) Whirling of Shafts — Wlulo tho foi e- 
gomg analysis applies to structures nuclei 
lmces of the static* type, a parallel argument 
can be applied whoio lluobuating sti esses are 
introduced, oi wlioro parts of the stiuctuio 
aio m motion In rllustiation consider tho 
problem of whirling of a minting shaft of 
given outline and section As before, suppose 
tho geometrical shape longitudinally and cross- 
soolionaUy to bo givon, length l , mass poi unit 
longth m, and flexural ugidity of a particular 
section EI 0 , then if q ho tho speed of i citation, 
the dedication d at tho centre, say, will ho a 
function of Z, m, E, I 0 , and q, ic 


d~f(l, »?, E, T«, q) 



on equating tho dimensions of tho ty])ioal 
group Ecu a shaft of given geometrical 
outline T/Z 4 is a constant cl open clout on ti ro 
goomotry, hence m varying tho sizo of geo- 
metrically similar shafts the ratio of tho 
deflection at the centre to tho total length will 
depend only on the quantity ?ug 2 Z 4 /EI 0 
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§ (48) Non-dimensional Variable — If a 
whirling speed exists, tlien, for some value of 
q, the ratio djl will theoretically become 
infinite, 01 at least mdefceiimnate, and this 
can only occui foi some value of the vanable 
mq 2 l l IFjl 0 , say a Hence we find that the 
real vanable m whuling shaft problems as 
the size and material of the shaft aie vaned, 
but maintaining the geometrical shape con- 
stant, is mqH- l [El 0 In actual fact the whirling 
speed of a straight shaft is known to be 



and for a homogeneous circular stepped shaft 
made up of thiee portions, the two end 
pieces of length ?/4 and chametei dj 4, and the 
cential portion of length // 2 and diameter d, 
mq 2 l % 

ei, ' 

I 0 bomg taken foi tho central poition 1 
Fiona the foregoing analysis, moreover, it is 
apparent that shafts of identical geometry 
but differing m size and material will maintain 
thoir identity m geometry under rotation 
provided they be compaied at corresponding 
speeds q x and q* given by 

<hh\/ E] ^=?=y,\/ ■ ^ 

§ ( 19) Expansion in Terms of tiie Class 
V art vbles — It has become apparent m the 
application of the method of the present article 
to various branches of physics and engineer- 
ing that m all cases the investigation has 
centred itself round the behaviour of some 
©xpiossion represented as a function of a 
certain non dimensional group of teims This 
quantity, connecting together as it were a 
whole class of problems possessing certain 
geometrical and dynamical similarities, may 
be toimod the class vat table Many problems 
m mathematical physics expressible in terms 
of differential equations would appear then 
to demand a solution as a function of the 
class variable, and accordingly an expansion 
of the solution of the differential equation is 
sought for as a power senes m the class van- 
able This method has been applied with 
considerable success to the problem of the 
crippling of stmts, the whirling of shafts of 
variable flexmal rigidity, and to the motion 
of a viscous fluid 2 In effect tins is simply 
an analytical method of representing the 
“ characteristic curves ” on non dimensional 
bases obtained so frequently m the fore 
going discussion Hy l 

1 Cowley and Levy, Phil Mag , 1921, xli 592 
- Ibid 


Dynamical Similarity 
Expenmental verification of Rayleigh’s con- 
ditions toi the motion of fluids in contact 
with solid boundanes 8ee “Ruction,” 
§ ( 16 ) 

Rayleigh’s method of deter mining tho 
essential conditions w Inch must bo ful- 
filled See ibid § (15) 

Dynamics, Particle, Application of D\na- 
mical Simii arity to See “Dynamical 
Similanty, The Principles of,” § (7) 

DYNAMOMETERS 

§ (1) Fundamental Principles — Tho woik 
done by a prime movei or othei agent v Ik n 
transmitted by a rotating shaft may bo ex- 
pressed by PR0, and when by a moving 
chain, rope, or similai agent, by Pc/, whole 
P is the force acting, R the iojquc aim, <j> 
the angular displacement, and d the linear 
displacement 

A dynamometer is an instrument which is 
used for the measurement of the foice IV or 
the torque PR , tho values of the quantities 
(p and d are usually determined independently 
The work done by tho pume movei may 
eithei be absoibed by the dynamometer oi 
transmitted to a machine m which it is em- 
ployed usefully after having been measured 
It is necessary that the instrument adopted 
should perform its function with accuracy 
The whole of tho energy developed by tho 
prime mover should be included m tho measure- 
ment made without neglecting that absoibed 
by shaft bearings m the dynamometer itself or 
by geaung or bearings which may be inter- 
posed between the pume movei and tho 
dynamometer 

The load should be capable of fine ad- 
justment undei running conditions, and 
this adjustment should preferably be ovei 
a considerable range of power m oulci 
that the prune mover may be tested fiom 
its minimum to its maximum power capacity 
without the necessity foi frequently stojiping 
clown 

The construction of a dynamometer should 
be such that it imposes no force on the jnimo 
mover other than that for which it was 
designed For example, a dynamometer 
suitable for testing a petiol motoi should 
exert a pure toique, otherwise the motor 
bearmgs will be called upon to take loads, 
and the shaft to resist bending and shorn 
stresses, additional to those for which they 
were intended 

It is desirable, m the type of dynamometer 
m which the powei is absorbed, that the 
inertia of the rotating parts should bo small 
m older that a stoppage may ieadily bo 
effected if failure of the prime movei should 
occur, as the energy stored m a heavy rotor 
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revolving tit a high speed may he sufficient to 
cause very serious damage 

In older that accurate measurements may 
be made, it is essential that the dynamometer 
should apply the load extremely steadily, 
otheiwise violent oscillations ivill be sot up 
rondei mg the employment of heavy dash pots 
necessaiy, which is undesirable 

The vanalion of load with speed for the 
same setting of the apparatus should be such 
that “ hunting ” of the load is eliminated 

(1 ) Absorption Dynamometers — In these 
the energy genciated is conveited oithei into 
heat by the intermediary of solid or fluid 
friction, oi into electrical energy by means of 
a generator 

The apparatus m most common use is the 
fluid friction brake, this being simple m 
consti action, easy to regulate over a wide 
range, and evtiemely steady m action 

The solid friction brake for large powers 
requires considerable experience m manipula- 
tion m order to avoid unsteadiness duo to 
violent snatching of the load In its simplest 
form for small poweis, that of the rope brake, 
it is a veiy efficient and accurate biake and 
runs veiy steadily if proper precautions aie 
taken 

(n ) Transmission Dynamometers, foi the 
measiuemont of power transmitted by a shaft, 
exist m three fairly common forms, viz 

(1) Torsionmetoi s, m which the angle of 
twist of a length of tlio shaft duo to torsional 
stress is measured either optically or by 
mechanical means 

(2) Torque-moteis, in which the torque load 
is transmitted by springs, or by hydraulic* 
plungers, tho extensions of the former and 
the fluid pleasure set up by tho lattei bomg 
indicated oi locoidod 

( 3 ) Instillments for measuring tho power 
transmitted by means of a belt on tho shaft 
of tho pi one mover 

Tho last vary considuahly m foim hut tho 
object achieved is the same m each case, viz 
tho measurement of the dilleronco m tension 
of tho belt on oithei side of the duvon pulley 

Another important form of tho transmission 
dynamomotei is tho traction motor foi tho 
measiuemont of tho ti active effort of self 
propelled vehicles Dynamometers havo been 
designed foi measuring and recording the 
tractivo offoit of locomotives, motor cars, and 
traction engines and the tractivo resistance of 
railway carnages, wagons, wheels, and ploughs 
(2) AlibORCTTON DYNAMOMETERS (l ) The 
Prony Brahe — Tn its ongmal form this brake 
consisted of two stout beams of wood clamped 
upon tho shaft or on a pulley hxed thereto 
The beams were suitably bored m order to 
gup a largo proportion of the circumference 
of tho shaft, and the nuts on the clamping 
bolts served as a moans of adjusting the 

VOL i 


f notional resistance between the shaft- and tho 
brake A horizontal aim, usually an extension 
of tho upper beam, supported a load pan on 
which the weights wore hung, a fine adjust 
ment being provided by a jockey weight, the 
position of which could be adjusted along the 
beam Tho movement of tho end of the arm 
was confined withm small limits by rigid 
stops, one above and one below the aim 
Fig 1 shows chagiammatioally the anango- 
mont 

Veiy liberal lubrication of the f notional 
Biufaccs was necessaiy to ensure smooth 
running, but at best considoiable vibiation of 
tho arm took place duo to tho vai ration m 
factional xesistanco bciwcon the biake and 
the shaft, the end of tho arm oscillating 
violently betveen tho stops and rendering a 
good balance difficult to obtain 

Tho toiquo T cxoited by tho shaft when 
tho brako is balanced is icpiesented by ER 
whero E is the factional lesistanco between 
the brake surfaces, and R the radius of the 
surfaces , it is measuicd by tho algcbiaic sum 
of tho moments of tho load, jockey weight, 



and tho brake beams about tho contio of the 
shaft 

In calculating tho hoi so powoi dovclojiecl 
the factor </j is loquncd and is obtained by 
moans of a taohomotoi or by revolution 
oountei and stop watch 

Tho rate at which work is absoibccl is 
expressed by 

2?rTN 

Horse power 550™* 

where N is the speed in revolutions per second, 
and T tho iorquo as measured by tho biake in 
pound foot units 

(11) Mothju alums of the Piony Brahe — 
Several improvements and modifications have 
boon mado on tho original brake as fust used by 
Rrony, They consist chiefly m arranging that 
the gup of tho brako blocks shall automatic- 
ally alter with tho value of tho coefficient of 
fnction, thus maintaining the total factional 
force and thoiofoio tho valuo of T mote 01 less 
constant 

The Appold brako is shown m Fig 2 and 
is an example of one of many compensating 
biakes The wooden blocks forming tho brake 
aio connected together by a stool band pro- 
vided with a hand adjusting sorow at A, the 

n 
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ends of the steel band being connected to the 
compensating lever at R and C as shown 
The end of the lever D is pivoted to the engine 
frame The load is suppoited, as shown, from 
a hook attached to the steel band, a pointer 
being provided to indicate when the hook is 
level w ith the centre of the shaft 
In the normal position the hook is opposite 
the pomtei and the lever BD is veitical 
When the load is lifted, the lever moving about 
D as centre rotates with the steel band and 



virtually increases its length, thus slackening 
the band and partly relieving the load 

If the load falls, due to the coefficient of 
friction deci easing, the compensating lever 
shifts round in the opposite direction, tightens 
the hand, and thus increases the gnp and lifts 
the load 

In practice it is found that nearly as much 
adjustment of the load is required as with 
out the compensating device, hut the chief 
objection to the brake is that when a heavy 
torque is being measured the lever reacts on 
the frame with sufficient force to cause an 



appueeiable eiroi m the result obtained if the 
ordinary method ot calculation is adopted 
A better form of compensating brake, but 
one perhaps not so w ell known, is that designed 
by Mr Balk and originally used by Messrs 
Ransomes Sims and Jeffries It is shown 
diagrammatieally m Fiq 3 
The compensatmg lever is here outside the 
disc of the brake wheel, and is connected at 
B and C to the ends of the strap and the 
load pan is hung from the point D Suitable 
stops are provided for the lever The weight 
of the brake adjustment load must be taken 


into consideration m determining the torque 
it must be considoied as letmg at a radius 
equal to its liou/ontal distant o hum the cc nlto 
of the shaft, and its moment must In ded ut led 
fiom that of the load P 
Sobd faction brakes may he used to absorb 
greater powders if the wheel is w itei too ltd 
The majoi portion of tho enoigy which is 
converted mto heat is thus quickly disposed 
of, and one of tho chief sou lies of tumble, 
namely overheating, is then lomoved Alter 
a preliminary period of umimig with water 
cooling the brake blocks assume a mmo 
constant factional resistance, lender mg the 
brake much steachc r to i mi 
Water cooling of the w lied is very simply 
effected by making the nm of the brake wins I 
of trough section, thus enabling it to hold 
water when revolving by vntuo oi tho 
centrifugal forces called mto action Water 



the end of the pipo being tinned m the 
direction of rotation Tlio outlet pipe is 
usually flattened at the end which is duoctnl 
agamst the stieam oi water which passes 
lound with the wheel and out through tho 
discharge pipe 

The flow is adjusted until a reasonable 
steady temperatuio is attained 

(111) Mope Braleb — For small powers (ho 
rope brakes introduced by the late Lord Kelvui 
and Pi ofessor James Thomson ai e vor\ sureoHs- 
ful The former is illustiated m Fuj i and the 
latter in Fiq 5 

Lord Kelvin’s brake consists of a loop of 
rope wrapped round the fly wheel of the prime 
mover, one end of the looj) supporting a 
weight W, the other being held \oitreally by 
a spnng balance Wood blocks are seemed 
to the ropes in order to keep them properly 
spaced to prevent tho mpes bom nibbing 
togethei wffiere they leave tho wheel tan- 
gentially The wood blocks are not used as 
brake blocks 
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H Hit' wheel turns m the duection of the 
«uro\v the tot quo is represented by (W — to) R, 
whei(3 //> is the force mdit ated by the spring 
ImkuK e and It the radius from the centre of 
the whet l to the centre of the lope 

When l ho value ot tho frictional force 
i hanges, the load rises or falls against the 
uelicm of the spnng balance, tho biake thus 
adjusting itself to the now condition 

In using tho biako it is advisable to have the 
lopes and wheel mn either perfectly fiee from 
gnosis by using now lope and cleaning the 
wluol run with potiol, or else thoroughly 
gi eased 

It the luhi leant is scanty oi m patches the 
weight will hunt, using and falling regularly 
loudening it difheult to obtain a reading of the 
spimg balance with any degree of accuiacy 
Tho biake, of Fitj 5 consists 
el last and loose pulleys 
mounted side by side on the 
duvmg shaft It is ananged 
that a rope dipped on the loose 
pulley hangs down ovei the 
last pulley on one side and 
over tho pulley to winch it is 
Iked on the other 

Tho frictional icsistanco be- 
tween tho fast pulley and the 
mpo causes the Ioobo pulley to 
rotate through a small angle m 
tho duet turn of rotation of the 
shaft, and in doing so it lifts 
a weight suspended by tho xopo 
hanging over it At tho same 
time tho rope over tho fast 
pulley, which also supports a 
weight, is, by tho rotation of 
tho loose pulley, slightly un- 
wound from the nmmng pulley, 
thus i edm mg its arc of contact, 
and, thoiefmo, its braking effect 
mutant o is thus automatically adjusted 

It should Ik noted that solid friction biakcs, 
ill consequence of the hut tonal resistance being 
pine {malty constant over a wido lango ol speed, 
umuot be HuuiHHluIly employed for tiio meaRtirc- 
nu ill of j)ow( i gene tilled by a pumo mover such as a 
petiol motm m which the torque also remains con- 
slant ovei the Hit nte range of speed 

In sue Ji ft ( oho it is extremely difiu ult to maintain 
the speed of the prune mover at oven an appioxi- 
inati ly ( onstant value, and the brake needs contmu 
ouh attention il shady values of the power are to 
he obtained 

(iv ) Thv Fi nude Water B) alee 1 (Fig 6) — This 
brako is of tho fluid f notion type and is very 
extensively used both commercially and in the 
laboratory. It consists of a wheel or rotor 
attached to a driven shaft revolving inside a 
casing through which water is circulated The 
easing is mounted on ti unmons which enshroud 
1 Kcoalho Hydraulics,” HOI) 


j the shaft at either end but are free from it 
and it is free to rotate through a small an^le 
m eithei darectaon. in bearings offering very 
liWle factional resistance On both sides of 
the brake wheel are formed semi elliptical 
annulai channels divided mto 24 pockets by 
narrow oblique partitions or vanes which are 
approximately semicircular discs inclined at 
an angle of 45° to the axis The vanes on 
one side of the rotor are inclined at right 
angles to those on the opposite side, but are also 
at 45° to the axis The faces on the mside of 
the brake casing are formed m the same 
manner as those of the rotor, the vanes being 
m the same planes as those on the adjacent 
rotoi face completing the formation of the 
circulai disc inclined at 45° The number of 
pockets m the rotor and stator differ by one 


on each side The pockets between the rotor 
and casing thus form complete annular channels 
of elliptical cioss section divided into sections 
by the vanes There is only a very small 
clearance between the faces of the rotor and 
the casing 

The formation of the channels and vanes is 
shown in detail m the developed section of 
rotor and casing m Fig 6, the section being 
made by a cylinder passing through the water 
boles shown m the principal section 

It will be seen that the vanes are inclined 
at an angle of 45° to the direction of motion, 
and that those on opposite sides of the centre 
line are at right angles to each other 

The difference in pitch of the vanes which 
may be observed is due to the difference m 
the number of vanes in the rotor and casing 
respectively 

If, in the view shown, the rotor he moved 
untiL one of its vanes comes mto line with one 
of the vanes of the casing, then the line thus 
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formed is a section across a diameter of an 
approximately circulai disc, one half of which 
is formed by Iho lotor and the other half by 
the casing The circular disc viewed along the 
direction of motion has the elliptical appear- 
ance shown m the puncipal sectional view 

When the shaft is rotated, centrifugal action 
sets up vortices m the pockets m a plane at 
45° to the axis, and the wheel and case are 
thus urged m opposite directions also at an 
angle of 45° 

The components of the forces produced aio 
balanced m the direction parallol to the shaft 
due to the arrangement of the vanes on 
opposite sides of the centre line, but tangen- 
tially they xeact on the easing The moment 
required, therefore, to prevent rotation of the 
case is equal to the toique on the shaft The 
water which is supplied continuously to the 
brake, whon lunmng, passes from pocket to 
pocket, at the same time rotating at a high 
rate of speed, finally emerging at a temperature 
which can he regulated by the supply valve 

The biahe is regulated by means of thin 
sluice gates oi plates, inserted between the 
channels m the rotor and casing The resistance 
offered by the brake foi a particular sotting 
of the plates varies approximately as tire 
square of the speed, so that the brake is well 
suited for testing under conditions of constant 
toique 

The statoi easo is provided with bearings 
and packing glands where the shaft passes 
through it, but tbe friction of these reacts on 
the casing and is measured Tbe case is also 
provided with a toique arm supported by a 
spnng balance, which m turn is suspended 
from a hook which can be adjusted m a vertical 
direction m oidoi that the torque arm shall 
lemam horizontal The load is bung at the 
end of the torque arm dnectly under the 
spring balance, and the effective toique load 
is obtained by taking the difference of the load 
and the spring balance reading 

The effect of the sluice gates is to reduce 
the effective surface, thus mcieasmg the range 
of seivioe The capacity of a dynamometei 
absoibmg 800 horse-power at 800 levolutions 
a minute can be adjusted to absorb 40 horse- 
powet at 200 revolutions per minute 

{y ) Elect i ical Brahes The National Physical 
Laboratoiy Dynamometer — In this brake the 
power developed is absorbed electrically but 
measured mechanically The electrical meas- 
urement of the power depends m some measure 
on the accuracy of the instruments employed 
and on the temperature of the field magnet 
and armature windings of the generator 

The prime mover under test is coupled 
direct to the shaft of a generatoi, the outer 
frame of which is mounted on hearings offering 
small frictional resistance, and the torque on 
this fi ame is measured The powei generated 


is earned by very flexible cables to icsistance 
mats by which it is dissipated as heat 

Ely 7 shows the method of supporting the 
field magnet frame The lattei is provided 
with hard steel rmgs A at eithei end, these 
rings being ground tiuly concentnc with the 
axis of the shaft and secuicly fixed to the 
fiame 

The rings rest on the sectois B, B, which are 
also of haid steel giound tiuly cylindrical on 
the cmved surface with the knife edge as 
centie The sectors suppoit the whole weight of 
the geneiatoi, which being thus mounted can 
oscillate tlnough a small arc with extremely 
little lesistanco to motion 

Ball bearings mounted on vertical posts aio 
piovicled at each end of the generator fiame, 
bearing against the sides of the steel lings to 
limit tho end motion and to take the thrust 
should the frame inadvertently bo moved too 
far m a longitudinal direction 



so that the torque can be measured whon the 
brake is running m either direction 
The torque aims are balanced, and ono is 
provided m the usual manner with stops to 
limit the angle of oscillation 
The load is hung from a knife edge on ono 
of the aims, a fine adjustment being obtained 
by means of a spnng which partly relieves 
the load It is arranged that extensions of 
the spring are magnified and indicated on 
a moving sheet of paper so that the variations 
m torque of the pmne mover unclei test am 
recorded The paper movement is effected 
by a clock mechanism, and indications of 
speed are also recorded electrically 

The airangement of the recording matin 
ment is clearly shown m the figure 
As in the case of the Eroudo w r atoi brake, 
the beanng fnction, and incidentally tho 
brush friction, is measured at the toiquo 
arm, so that tho method affoids an accurate 
means of measuring power It has tho dis- 
advantages of having a small range of powor 
and speed, and a heavy rotor, but these are 
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somewhat compens ited for by the fact that The shaft is paitly lehtved of the weight of 
the generator can be used as a motoi either the tiamo by a link suspension attached, to an 
foi staiting an internal combustion engine oi oveihead spnng balance, and this method 
for supplying power to a machine whoso of suspension enables the fiamo to be sup 
toiquo lesistance is requued to be measured polled without pioducmg a twisting moment 
It is estimated that, under steady conditions about the shaft ccntie 
of miming, determinations of toiquo can be The oveihiuig load on the shaft can lie 
made on this dynamometei to an accuracy varied as desired by adjusting the tension of 
of 0 1 pci cent the suppoit 

(vi ) Eddy cut tent Biale (Fiq S) — A very The an gap between the copper discs and 
successful foxm of eddy eurient brake has been the field magnet poles is lived, and the rigidity 
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developed by Dr t> K Moms and G A Lister, 
and is described fully m a paper to tho Bir- 
mingham Local Section of the Institution of 
Electncal Engineers, 1905 
The brake was designed to absorb 5 hoiso- 
powei at 1000 revolutions poi minute, and 
made for use m tho Electrical Laboiatoiy of 
the UmvoiBity of Bummgham 
The apparatus is made for attachment 
to the shaft of the prime mover m place of the 
oidmaiy pulley, and consists of two elements, 
one m tho foim of coppci discs fixed to and 
concentric with the shaft, and the other a 
cncular frame also concentric with tho shaft 
and carrying magnetising eoils at regular 
intervals round its periphery 

The magnet frame, or stator, is centred by 
a revolving bush secuiely keyed to tho shaft 
and is provided with a torque arm, jockey 
weight, and stops, in the usual manner 
Two copper discs are provided on tho rotor, 
and are fixed to tho revolving bush one on 
either side of the magnet coils, the axes of 
which aro parallel to tho shaft axis, and by 
this arrangement both electrical symmotry 
and mechanical balance are assured and the 
brake is rendered astatic 


of the consti uotion enables it to bo made small 
External yoke rings arc provided and are 
supported by brackets from tho magnet fiamo, 
tho brackets being clamped in such a manner 
that the external 
gaps between tho 
yoke rings and 
the coppci discs 
can bo ad) listed 

The limit of 
tho capacity of 
tho biake is 
determined by — 
the temperature 
of tho magnet 
coils 

(vn) Fan 
Bi alee a The 
Centrifugal Fan 
(Fig 9) — The 
Centrifugal Fan 
Brake usually 
consists of two squaro or rectangular platos 
held by radial aims m such a manner that 
they aro prosontod normally to tho direction 
of motion Tho biake is more frequently used 
as a ready means oi applying a load to a shaft 
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rotating at a high speed than as a means of 
measuring torque It is necessary that it 
should be calibrated by means of an accurate 
dynamometei, but the calibration is affected by 
variations m temperature and pressure of the 
surioundmg atmosphere, cross cunents of an, 
and the proximity of supports, adjacent walls 
and floor, and of the pnme mover under test 
The load is adjusted either by moving the 
plates along the radial arms or by fitting plates 
of a different size, these methods of adjustment 
having the great disadvantage of necessitating 
the stoppage of the prime mover under test 
Attempts to render the blades adjustable 
during rotation have met with little success, 
owing chiefly to the difficulty of designing the 
adjusting mechanism to operate against the 
ceninfugal forces acting on the blades 

The torque due to the blades alone, foi 
ordinary speeds and sizes, vanes as the squaio 
of the speed, the cube of the radius of the 
blades, the area of the blades, the density of 
the fluid m which the fan is working, and on a 
factoi depending on the environment 

The fan brake is chctip to manufacture and 
is usually easy to fit to the shaft of the pome 
movei Foi these reasons it is fiequently 
used commercially as a brake for “ miming 
m” and “endurance” tests where the power 
absorbed is not required to be known with 
accuracy It may be used for comparative 
tests provided the atmosphene conditions 
and the environment loinain constant through 
out the tests, hut neglect of these factors may 
effect an enoi of 10 to 20 pci cent m the 
measured torque 

(vui) The “ Escargot ” Fan Bi ale fot festinq 
Aeronautical Engine* — In order to leproduco 
as fat as possible the cooling effect pioduced 
on an aeronautical ongmo undei flying conch 
tions, it is essential that tho engine undei test 
shall woik in a euiient of air projected on it 
at a speed comparable with tho flying speed 
The cooling is effected m tho escaigoL 
arrangement by a fan biake duven by the 
engine undei test and mounted m a chamber 
icsorabhng that of an oidmary fan casing 
Tho intake of the an is m the side of the 
casing opposite the fan centre 
Ratal y or radial engines are usually mounted 
inside the escaigot, Fig 10, being then m the 
direct path of the incoming current of air 
Veo or vertical engines axe fixed on a bed 
outside the fan chamber, and the air from the 
discliaigo orifice is directed on to the engine 
either from above oi from the front 
In tho latter arrangement the fan is driven 
through an intermediate shaft and universal 
couplings 

For “lunmng m” and 44 endurance” tests 
the brake may bo cahbiated by means of an 
electnc motor, but is open to the objections 
which have already been summarised under 


the heading of the “ Fan Brake ” Fot tests 
of gieatei accuracy it is usual to mount the 
engine on a floating torque-balance gear by 
which the reactive toique on the engine may 
be measured 

When the engine is so mounted it is essential, 
if accurate lesults are to be obtained, that 
the axis of the locking trame shall coincide 
with the fan axis, otherwise the mpment 
measured will differ consideiabh fiom the 
true torque accoidmg to the position ol the 
fan m the escargot 

§ (3) Transmission Dynamomntnrs Tor 
sionnieteis — In eases where it is desned to 
keep a check on the power developed by a 
prime mover, oi where the absorption of the 
powei cannot conveniently be effected, a 
tiansmission dynamometer is employed This 
mstmment exists in several forms of torsion- 
meters, the function of which is to mcasui o 
the angle of twist m a length of the shaft 
driven by the prime mover, and from this 



measurement, by previous calibration m by 
calculation, the torque is deduced 
(i ) IIoplmso?i~Tht mg Tor mown Her (Fig 11) 
— This instrument was designed by Professor 
Bei tram Hopkmson and Mr Tilling fox the 
determination of the power transmitted by 
turbine shafts, and is used to a very large extent 
on steamships The principle of the apparatus 
is the measurement of the relative angle of 
twist between adjacent sections of tho shaft 
and the indication of this movement on a fixed 
scale The length of the shaft taken up by the 
instrument is very small, being, for si/os over 
8 inches diameter, about thiee diameteis long, 
and for smaller shafts about four diameters 
The instrument consists essentially of tw-o 
flanges clipped to the shaft at a measured 
distance apart A sleeve enclosing the shaft 
connects the two flanges, being formed solid 
with the one but free to rotate through a 
small angle on the other, by which it is 
retained concentric with the shaft The twist 
of the latter causes relative angular motion 
between the free end of the sleeve and the 
flange adjacent to it, and this motion is indi- 
cated on a fixed scale by means of a mirror 
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The muroi is mounted on trunnions wolkmg 
m boanng* fixed to the flange, the axis of the 
trunnions being ladial The mmoi is pio 
vidccl with a short radius aim which is con- 
nected to an adjustable block on the sleevo 
by a thin phosphor -bionzo link The ian- 
gontial movement of the sleeve block is 
governed by a miciometoi sciew m oulei that 
the relation between the movement at the 
rulius of the minor fiom the eentic of the 
shaft and the spot of light on the scale may 
be ascertained 


A fixed muroi is attached to one of the 
flanges, which is adjusted so that the spot of 



movablo muuu when there is no torque on 
the shaft 

An electric lamp fixed just above the scale 
provides the beam of light which is reflected 
fiom the two mirrors on the scale successively 
as the shaft rotates 

A shift of the apparatus relative to the 
scale is indicated by an alteration of Dio 
position of the beam reflected by the fixed 
or “ zero ,J mirror, and this can readily ho 
adjusted by moving the scale 
The moving mirror is silvered both back 
and front so that two reflections, one on cither 
side of the zero, are received from it during 
one revolution of the shaft The mean oi the 
two readings may thus he taken whatever 
the position of the zero 

The instrument may be calibrated directly 
by applying a known torsion to the shaft 


an instantaneous 


Bright 
K " Bead 



and noting the reading of the scale, 01 by 
calculation fiom a knowledge of the toisional 
iigichty of the shaft and the vauous loveiages 
and distances involved m the conversion of 
the twist to the movement of the spot of light 
on the scale 

The apparatus gives 
reading of the tension m 
the shaft at a pailiculai 
angulai position m the 
1 evolution, the angle 
being fixed by the posi 
lions ol the mmois and 
scale 

The torsion at any 
other part of the revolu- 
tion may be obtained by 
mounting the scale on a 
cnculai flame concentric 

with the shaft and shifting the scalo and lamp 
to the angulai position required 

( 11 ) The A yi ton and Pcny Toi sionmalci 
(Fkj 12) — This dynamometer is designed for 
use m the jilice of tho oidmary shaft coupling, 
which puiposo it also solves The two halves, 
one on each shift, aie connected by means 
of helical springs, thieo or four m number, 
anangod in a position approximately tan- 
gential to the shaft When power is trans- 
mitted, the drive is taken tlnough the springs 
which extond nuclei the load Tho stretch 
of the springs allows relative angulai move- 
ment between the shafts, and ibis is indicated 
by a lever anangement which his the ultimate 
effect of reducing the distance of a blight 
bead from tho shaft i 

conti o Tho ladial 
jiosition of the 
bead is ohsci ved 
against a black 
disc on winch a 
scale is mai kod 

Tho ajipaiatua 
is c alibi ated di- 
rectly oi by cal- 
culation fiom tho 
stillness of the 
springs and the 
magnification of 
their extension 
which has been 
employed Cali- 
bration against an 
absorption dyna- 
mometer is preferable if it is thought that 
tho arrangement of the springs adopted is 
likely to give different calibrations statically 
and dynamically 

§ (4) Thornycroet or Eroude Belt Dyna- 
mometer — The arrangement of this transmis- 
sion dynamometer is shown m Fig 1 3 Tlio 
pulley D, fixed to the shaft of tho primo mover, 
tlnves the pulley W by means of a belt which 
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passes in turn round the two pulleys A and B 
Tlie lattei aie supported hy a fiame ABL 
w!ucli is pivoted at E It is obvious that the 
downward force on the pulley A 'will exceed 
that on the pulley B hy twice the difference 
m tensions of the tight and slack sides of the 
holt on either the driving oi driven pulley 
Tho fiame ABL will theiefore tilt down- 
wards at A, but its symmetrical position is 
restored either by a force at P, or by adding 
woijghts to a scale pan hung on an extension 
of tire arm AB at L The motion of the end 
of the lever is confiued within small limits 
hy means of stops 

The Belt tension diffeienee is expressed hy 
T and tho hoise-powtr developed hy 

H L* as B7rTRN/ f )50, wheie R and N are the 
lacliua m feet and speed m revolutions per 
second respectively of the dnven pulley 

The power is not tiansmiited entnoly 
without loss because of the slip of the belt 
and Llio pulley beaung faction These losses, 
however, can be determined hy independent 
dynamometer tests 

§ (5) X>YNAMOMET.DR CARS AND TRACTION 
Dvn AB roMBTMS — Many instalments have 
boon designed to measuie the resistance of 
vehicles to tiaotion and also tho tractive effort 
of self-propelled vehicles The pull is usually 
tianHmitCod through either a small plunger 
or diajihuagm, in which ease the pleasure set 
up m a liquid column is recorded by means 
of a pressure gauge, or through helical or 
laminated sjumgs the deflection oi which is 
Iuclicatocl on a scale 

(x ) r Phc British Association Apparatus — 
Some of tho earliest tests m this country 
woio carried out with a special dynamometer, 
dcHignod. fen the Butish Association, for the 
monauj omont of the resistance of load vehicles 
to tract tion. 1 

The apparatus comprised a castor fiame m 
which could be mounted a single wheel on 
which the* experiments woio to bo made, a 
HynLom of levels foi tianamittmg to a small 
phmgor the pull exerted on the wheel, a 
j own fling pressure gauge for registering tho 
pull, and a iecoidmg speedometer 

The castor frame was of wrought iron and 
rootmigjulai m shape, and was adapted to take 
wheels of various widths The axle of the 
uxpoumontal wheel was mounted on spnngs, 
ono under each side of the fiamo The springs 
used wore of the orchnaiy laminated carnage 
typo constructed m such a manner that 
theur st'i Guess could be adjusted hy vaiymg 
tho number of plates forming a spring The 
frame was loaded by cast non woights fitting 
uvor tho castor frame 

An attachment was mado to the levers 
tranBimttmg the pull by a swivel joint which 
allowed the frame to oscillate vertically and 
* British Association Report, 1002 


to follow freely round a curve without affecting 
the records, but so held it that the wheel 
always remained vertical The fulcrum of 
tho lever could be moved to eithei of foui 
positions such that the pressure on the plunger 
was equal to, or two, four, or eight times the 
pull exerted on the frame The range of the 
apparatus could thus be varied fiom 5 to 500 lbs 

The record of pressme and speed was made 
by pencils on a sheet of paper which was 
rotated by a rollei the motion of which was 
obtained through gearing from the road wheel 

(n ) The Hyatt Instrument — This dynamo- 
meter has been specially designed for the detei- 
mination of the draw-bar pull of faun tiactors 
and the tractive lesistance of ploughs working 
undei various conditions 

The pull is transmitted from the tractor to 
the plough through a link or chain and a 
piston working m a cylinder Tire latter 
contains a rubber bag containing liquid which 
is compressed by the piston This pressure 
unit is hitched m one of three differ ont ways 
giving different ratios between tho pull and the 
pressure on the rubber bag The tlnee hitches 
correspond to maximum pulls of 300, 000, and 
1201) lbs respectively 

The recordci consists of a Bnstol reeoiding 
pressure gauge It is connected to tho piessuie 
unit by a flexible metallic tube which conveys 
the liquid undei pressure from tho lubber Lag 
to a Bouidon pi essuie tube which actuates 
the pen mechanism A needle valvo, mseited 
in tho pressure tube, may bo adjusted to control 
tho flow of liquid and to damp out excessive 
vibrations of the pen 

Tho chaitis a circular sheet of papei divided 
by a senes of concentric circles acioss which the 
pen travels m an approximately radial direction 
from tho centre outwards with moi easing pull 

The chart is caused to rotate hy a wheel 
winch rolls over the ground and which is 
connected to the reeoidmg instrument by 
a flexible shaft and suitable gearing The 
eire umfeicnee of the oh Ait is divided into 
equal parts each repiesentmg a distance 
travelled of 100 feet 

A second pen records the elapsed tune on 
an annulai space at the edgo of tho chart 
A clock m the recorder case, fitted with a 
cam, traps the time pen at one-mmuto intervals, 
and fractions of a minuto may he estimated 
by counting tho numbei of smaller spaces over 
which the pen has travelled The division is 
accomplished by dividing tho annular space 
by a number of concentric circles and by 
causing the time pen to travel from the outer 
to the inner ring in the minute mtorval, after 
which it is again tripped back to the outer 
ring, its path being piactically a ladial line 
The recorder is lightly built and is provided 
with straps by which it is carried hy an 
assistant duimg a test It is ai ranged that 
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the rolling wheel may either be clipped to the 
tiaotoi oi guided by hand 

From the ohait obtained, the diaw bar pull, 
the distance travelled every six seconds, and 
the «pted during the test may be deduced 

(111 ) The National Physical Laboratoiy Tiado > 
Dynamometer Cai — This apparatus was con 
structed solely for measuring and locoidmg 
the tractive effort of farm tiactois, foi which 
purpose it has been successfully used The 
car employed was a heavy four wheeled louy 
trailei, the real wheels ol which wore fitted 
with speeds and band brakes, the latter being 
operated by a hand wheel fiotn the front of 
the vehicle The apparatus was mounted on 
an extension of the bogie frame canyrng the 
wheels of the trailer 

/The puli of the tractor was converted to 
pressuio on a leather diaphragm by means 
of a bell-crank lever suitably pivoted, the 
diaphragm being faced on tho pressure side 
with a rubber disc to pi event leakage of the 
liquid m the diaphragm box through the leatliei 
A flexible hydraulic pipe connected tho dia- 
phragm casing to a Bourdon pressure tube 
operating a pen mechanism, and a mold of 
the pressure was thus obtained on a i oil of 
papei The latter was caused to move pro- 
portionally to the distance travelled by the 
car, the driving drum being rotated by means 
of goaring and a flexible shaft from the 
leading road wheels 

Two otliei pens woio also provided, ono 
operated by a clock in older to give time 
indications every two seconds, and tho other 
operated through gearing and giving indications 
of the revolutions of the tractor engine 

The diaphragm box, to which was attached 
the fulcrum of tho bell-crank lever, could bo 
adjusted vertically so that tho rope or chain 
conncctron to tho tractor could be arranged 
horizontally 

In carrying out a test, tho brakes of the 
ear were adjusted, and the oar loaded with 
dead weights, until either the engine of the 
tractor was pulled up or the driving wheels 
began to slip Thus tho maximum pull of 
the tractor on the particular surface chosen 
for the te^ts was obtained 

(iv ) Railway Dynamometer Car<t — Dynamo- 
meter cars have been constructed for’ traction 
tests on locomotive engines and tractive resist 
ance tests on railway rolling stock Tho car 
usually takes the form of a special coach, the 
draw-bar pull and buffer thrust being molded, 
with the speed, on a papei -covoxod drum driven 
through geanng from ono of tho road wheels 

A most successful cai of this typo is that 
designed by Mr George Hughes for tho 
Lancashire and Yorkshire Railway Company 
The various instruments with which this car 
is fitted enable complete recoids of the per- 
formance of the locomotive to be taken, 


including diaw bar pull (or push) speed, 
acceleration ox retardation, and hoilcT pit same 
of tho locomotive 

Other factors influencing the performance 
aie also indicated on the chart by observers 
Considerable care and experience is required 
in tho design of a car of this land, and the more 
salient featuies of the Lancashire and York- 
shire Railway car are here described foi the 
hist time by the courtesy of tho Chief 
Engineer of that Company 

(v ) The Lane us/me and YoiLshue Railway 
Company's Dynaimmetn Cm — Tho draw-bar 
pull and the thrust on the buffers ol the car 
are transmitted to two compound spnngs, one 
being provided for tho puli and tlio othei for 
tho push Each is made up ol a number ol 
independent plates bound together by a pan 
of buckles at tho centre and connected by 
links at the ends The link pins can bo with 
diawn separately as desned, and this enables 
the number oi plates in operation to bo 
adjusted to suit tlio load hauled, irom a single 
coach to tho heaviest tram, utilising the lull 
deflection oi tho springs 

Tho spring cleilectnm is recorded directly 
on tho record paper without the intervention 
of levers, showing diaw bar pull above, and 
buffer thrust below, a datum line 

Tho external carnage coupling arrangements 
aio standard practice so that tho car can bo 
coupled up as icadily as any othei vehicle 
Tho clraw-bai and buffers are connected to a 
rigid fiame ■winch moves each set ol spnngs m 
ono direction only so that the tightness of the 
screw shackle between the eiigmo and tho ear 
does not affect their indications 
A compensating beam equalises tho tlnust 
cm tho buffers when negotiating a curve 
Tho draw -bai passes through a h i< turn device 
which c an bo brought into operation to take tho 
load off tho spimgH when tests arcs not being 
nude Tho device is also used to absorb oxc op- 
tional shocks during tho last inch of deflection 
of tho springs A mam eioss beam near the 
centre of tho ear undoi Jiamo hums a iounda 
tion for the springs and tho instrument table 
Tho motion of the cai is not recorded from 
the ordinal y road wheels but from a special 
measuring wheel an ungod between tho leading 
and ti ailing wheels of tlio bogie, so that there is 
little lateral movement when rounding cuives 
Tho measuring wheel is pressed on tlio rail by 
a spring and can bo raised or lower eel as 
required The motion is transmitted to tho 
instrument table by worm gearing and ffoxiblo 
couplings forming a positive drive 
Tho instrument table carries the record 
paper drums, the speed gear which regulates 
the rolativo speeds of the papor and the tram, 
a distanco indicator, a woik integrator, a 
recording and a visual speedometer, a standard 
electrical clock, and an ineiLa orgometor. 



106 


DYNAMOMETERS 


The lecotd paper can be driven at speeds 
varying fiom six inches to twenty feet per 
mile travelled * a countei marks the paper 
eveiy mile 

The work integrator consists of a disc 
rotated from the road wheel, and across the 
face of the disc a lollei is moved by the 
extensions of the springs The lotation of 
the roltei is therefore proportional to the 
product of the dtaw-bai pull and the distance 
travelled, and thiswoik is continuously recorded 
on the chait as a senated diagram, each peak 
tepiesenting appioxunately 50 liorse -power 


minutes per pan of springs m use A counter 
gives the total positive, total negative, or 
algcbiaic sum of the horse power minutes 
done by the diaw-bar, as required 

The speed recorder works on a positive 
principle, namely, that the distance travelled 
m a definite tune (4 secs ) gives a measure of 
the mean speed during the four seconds 

(vi ) The Inertia Eigomeler — This was 
mtioduced by Joseph Doyen, Chief Engineer 
of the Belgian State Railways, and is a com- 
bination of the Desdouits Inertia dynamometer 
(pendulum) and the Adbank Abakanowicz m 
tegiatmg idler The pendulum is mounted on 
knife edges and swings in the direction of 
motion of the car The tangent of the angle of 
the pendulum with its neutral position is pro- 
portional to the algebraic sum of the force 
of gravity and the force producing change of 


velocity (acceleiation oi letaidation) The 
integrating lollei multiplies this force by 
distance and the lesult is indicated on the 
lecoid paper as an inclined line The change 
in the ordinate of this line represents the 
change m the algebiaic sum of the potential 
and kinetic eneigy per unit mass of the tiam 
When coasting free, the loss of enci gy recoidcd 
is due to tram resistance, and is therefore a 
dnect indication of it 

By means of a run made up of alternate 
haubngs and coastings the ergometcr provides 
data from which the work done by the piano 


mover can be calculated By combining this 
information with that of the draw-bar integra- 
tor the locomotive resistance, tram resistance, 
total resistance, and acceleiative effect of the 
locomotive can be obtained for any speed 
Curvature of the track is indicated and has 
been found to account for many peculiarities 
m the diagrams obtained Fig 14 is a gonoial 
view of the instrument table The woik 
integrator is shown m the centre foreground , 
the lever from the draw bar springs stands up 
through the central slot m the table and the 
pendulum lever through the slot on tho left 
The ergometer drum can be seen to the left 
of the top of the draw-bar lever Tho clock 
is removed to expose the ergometer to view 
Fig 15 is a specimen, reduced m size, of 
the chart obtamed for a run of approximately 
six miles 
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(vn ) The Swiss State Railway Cat —Much 
of the appai atus httod m tins dynamometer 
car is in many respects similar to that of the 
Lancashire and Yoiksluie Railway Company’s 
instrument The principal difference between 
the two cars lies in the method of measuring 
the ti active effoit, which m the present 
instance is by the use of hydraulic gear 
Undoubtedly the hydraulic dynamometer has 
distinct advantages over the spring type, 
provided it is caiefully designed and accuiately 
made 

The pull of the clraw-bai is transmitted to a 
steel plunger working in a steel cylinder, both 
elements being ground so accurately as to 
render the use of packing unnecessaiy The 
cylinder is filled with oil by which the piessuie 
is transmitted to the recording instrument, 
and it is ananged that there is a very slow 
leak of oil between the plunger and the cylinder 
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wall m order to provide lubrication for the 
former and to minimise its f notional resistance 
The anangemont of the pressure unit is 
shown m Fig 10 There are two plungeis, 
indicated at A and B, fitting into cylinders 
which are placed back to back and foimed m 
a solid foigmg The draw bar pull is trans 
milled to ono of the plungers, and the buffer 
thrust to the other, by means of the crossheads 
G and D and the rods E and F The latter are 
guided by rollers suitably supported by a 
rigid frame The clearance spaces in the 
cylinders, behind the plungers, aie connected 
by pipes to a distributing valve, and from 
tlionce to the recording mechanism 

Tlio recorder consists of two small measuring 
cylinders arranged m tandem and provided 
with differential plungers opposed to each 
other This arrangement provides that by a 
suitable setting of the distributor valve the 
resultant area of the plungers exposed to the 
oil pressure from the mam cylinders may he 
varied in the ratio of 1 2 3 thus by rotation 
of the distributing valve it is possible to select 
either of thiee scales for recording the load 


A calibrated helical spnng is fitted between 
the two differential plungers and is compressed 
by then motion The compiession of the 
spring is a measure of the resultant end force 
on the plungers and, therefoie, of the difference 
between the chaw-bar pull and buffer thrust, 
and this motion is transferred directly to the 
record papei by a lod cariymg a style 

During prolonged runs the slow leakago 
past the mam plungeis may cause one of them 
to touch the base of its cylinder, but before 
such a condition can arise an equalising valve 
is brought into operation which has the effect 
of equalising the pie&suies m the two cylinders 
and restoring their cential positions as shown 
in the figures Fie&h oil is diawn into the 
cylinders fiom a reservoir, through a non- 
return valve, when lequned 
§ (b) Special Dynimometers (i ) The Daim- 
ler Lanchester Wotm gear Testing Machine — 
This machine was designed 
by Mr F W Lanchester 
for the accurate measuic- 
ment of the efficiency of 
worm gearing A clia- 
giammalic sketch of the 
apparatus is given m 
Fiff 17 

The efficiency of modern 
worm gears foi power 
transmission is of the older 
of 95 per cent, and, unclei 
the best conditions of load- 
ing and lubiication, as high 
as 97 per coni With such 
efficiencies, separate deter- 
minations of the torques 
m the worm and worm- 
wheel shafts by any of the methods already 
described would be liable to give misleading 
results unless the accuiacy of the measurement 
m each ease was within a small fraction of 1 
per cent of the true value For example, in 
the case of a geai of 97 per cent efficiency, if 
the torques could be measured separately to 
an accuracy of 0 2 per cent, the experimental 
determinations of the efficiency might lango 
from 96 6 to 97 4 per cent It is evident, 
therefore, that the ordinary methods of torque 
measurement m which the erior may he as 
much as 2 per cent are quite useless for the 
purpose, and that a method of much greater 
accuracy is lequired The Lanchester machine 
measures, m effect, the ratio of the two 
torques, and the over-all efficiency of a worm 
gear with its bearings can be obtained within 
an accuracy of 0 2 per cent Indeed, differences 
of efficiency due to such causes as change m 
the temperature of the lubricant can bo easily 
detected 

Referring to Fig 17, the gear box is sup- 
ported m a cradle A m such a manner that it 
lias freedom of motion through a small angle 
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about two axes at right angles The worm is 
diivon by a shaft B through tho mtei mediate 
shaft C, the latter being piovided with uni- 
versal couplings at each end Tn the same 
manner the wheel shaft is connected to the 
bevel box E through the shaft D and the 
■universal couplings EE The load is sup- 
ported by a bracket K fixed to the arm G, 
the axis of the arm being parallel to, and m 
the same vertical plane as, tho worm shaft 
axis 

Tho load is not fixed directly to the bracket 
but is carried by a slider from which it is 
hung by a sciew and nut device tho distance 
of the load from the axis 
of the arm can be varied 

The positron of the 
bracket with lespeet to 
the wheel axis being fixed 
tlic moment of the load 
about that axis is equal 
to the pioduct of tho 
weight and the length of 
the arm, and is always 
the same for the same 
load 

The moment about the 
worm axis, however, can 
be adjusted by means of 
the screw gear, the read 
mg of tho scale on the 
bracket giving the dis 
tance of the 
weight fiom 
the axis 

It will he 
seen, there 
fore, that 
assuming the 
gear efficiency 
as 100 per 
cent, and the 
gear ratio as 
R, tho Rpcerl of the worm being R times that 
of the wheel, the torque on tho worm shaft 
will be 1/R times tho torque on the wheel 
shaft The load being the same for each 
torque, tho distance of the weight fiom tho 
worm axis will bo 1/R times its distance fiom 
tho wheel axis 

Tho efficiency of the gear being less than 
100 per cent, the load must be moved farther 
fiom tho axis of tho worm m order to balance 
tho gear box against the two toiques when 
running under load 

The calculated distance of tho weight 
from the worm axis, assuming 100 per cent 
efficiency, divided by the distance required to 
pi oduce a balance, gives tho efficiency of tho 
gear 

Tho drive from the worm wheel is taken 
through the bevel box to the belt pulley M, 
tho latter being of such a diameter that it 


tends to drive tho pulley N on the driving 
shaft B at about 5 per cent higher speed 
than is established by tho bevel and worm 
geais 

In other woids, it is ai ranged that the pen 
pheral speed of the pulley M is 5 per cent 
higher than that of the pulloy N 

Tho belt connecting tho tw r o pulleys can bo 
adjusted m tension, over a wide range, an 
lncieaso m the tension producing an increase 
m tho torque By this means tho picssure 
between the teeth of the worm and wheel 
can he made to conespond with tho tians 
mission through tho box of as much as 150 
horse-power, it being only 
necessary to supply the 
loss of power m the gear 
and appai atus from an 
external souice developing 
about 15 hoi so - power 
This ingenious punciple 
enables prolonged tests to 
bo earned out at a small 
fi action of tho cost which 
would bo involved if the 
whole power were devel- 
oped and absorbed 
(u ) Spu) Gem and Driv- 
ing Cham TcUmq Machine 
(National Physical Labora- 
toiy) — This machine is 
ai ranged to measure tho 
difference of 
tho torques 
of two shafts, 
together with 
the measure- 
ment of one 
of tho torques 
separately 
It will bo 
evident that 
tho high de- 
gieo of aceuiaey lequired in the Baiuhcstei 
machine is not essential m tho present 
machine 

Thus, supposing the true efficiency of a 
spur gear or chain dnvo is 97 per cent, 
and that the del ciminat ions of tho torque 
and torque difference aio each within 2 5 
pei cent of their true values, the esti- 
mated value of the efficiency of the trans- 
mission from tho observations may range 
from 9(1 9 per cent to 97 1 pei cent, which 
is of a high oi degiec of accuracy than 
that obtained by measuring the torque ratio 
to 10 2 per cent 

Fig 18 shows th e an angement of the machine, 
Tlio fiame carrying the gears is entirely sup- 
ported by horizontal knife edges, and both 
driving and dnvon shafts aie considerably 
extended and provided with ball-boarmg uni 
versal joints at each end Being supported m 
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this mannei , the frame can execute small oscil- 
lations in a veitical plane about its neutial 
position 

The intermediate wheel is rendered neces 
saiy 311 order to secuie that the reaction on 
the fiame should be equal to the difference 
between the torques of the driving and driven 
shafts, and for this to be the case it is requisite 
that the shafts should lotate m the same 
direction 

The hist and intermediate gears and the 



Tilting Frame 
Arranged for Chain Drive 

% 



Tilting Frame 
Arranged for Spur Gears 
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intci mediate and the third gears form two 
pairs under teat 

When a chain duve is under test no inter 
mediate geai is necessary fai the shafts to 
rotate in the same direction 

If no intermediate wheel were used m 
the gear test, the reaction on the frame 
would be equal to the sum of the torques 
of the two shafts, and the object which it 
has been attempted to achieve would be 
defeated 

The frame is provided with an oil dasli-pot 
for damping its oscillations and a torque- 
aim scale-pan and spring for the torque 
difference measurement Rigid stops aie 


pumded foi the toique aim to limit its 
amplitude, readings being taken when the aim 
is level 

A Hopkmson Tilling toisionmetei is used 
to determine the toique on the driving shaft, 
and m cai lying out a test an obseivei lcgu- 
lates the torque and maintains it at the desired 
value, whilst a second observer is employed 
with tlio toique measurement on the tilting 
fiame 

The method of inci easing the pressuie 
between the gear teeth is on the same prin- 
ciple as that adopted m the Lancliestei 
machine This secures that only the loss of 
power needs to be supplied fiom an external 
soiuce Tlio centie distance of the two shafts 
is made adjustable over a wide range to 
accommodate varying sizes of geais and 
lengths of chain duve 

Duiuig testing the tilting fiame is totally 
enclosed m a light case and pioviBion is made 
to spray the lubncant on the geais, the oil 
being supplied by means of a flexible pipe m 
such a manner that no control on the fiame is 
exerted 

In testing spur geais the value of the torque 
T 2 on the last gcai can icadily bo obtained 
from the obseived data The efficiency 
of a pair of gears is given, theiefoie, by 
rj = VT^/T^ where T\ is the measured toique on 
the diivmg shaft 

The efficiency of a chain is given by?? — T 2 /T x 

(m ) Spur Geai -hoc Testing Machine 
(National Physical Laboiatoiy), Fig 19 — In 
this machine the gear box is mounted m such 
a manner that it is free to oscillate about a 
mean position on the axis of the driving shaft, 
and the torque on the fiame of tlio geai box 
is balanced and measured The method (an 
only be used m cases wheie the driving and 
driven shafts of the unit aie coaxial and 
leave the box at opposite ends this is 
usually the form of gear boxes for auto- 
mobiles for which the apparatus was originally 
designed 

The unit under test is fixed in a rectangular 
frame piovided with hollow trunnions co- 
axially with the mam shafts The tiunmons 
are supported m ball-bearings so that tlio 
frame and gear box can tilt m oitliei dnection, 
the frame being fitted with a toique aim 
provided with the usual dash pot, measuring 
spring, balance -weight-pan, and stops to limit 
its motion 

The two shafts of the geai box arc con- 
nected to a prime mover and an absorption 
dynamometer respectively, or the primo movei 
may be fitted as a dynamometer, in which oaso 
a steadily running brake only is required at 
the transmission end 

The method of test is very much more 
accurate than that of measuring the “ input ” 
and “ output ” torques, for m the latter 
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an angtmeni, when the efficiency of the geai 
box is of the oi dei of 07 pei cent, no exact 
results can he obtained, because the onois 
m estimating the two toiques directly affect 
the calculated efficiency 

Consideiation of the two cases will show 
that m the latter, assuming the accuracy of 
both toiquo leadings as ±1 pei cent, the 
efficiency obtained will vaiy fium 95 to 
99 pei cent if the actual efficiency is 97 pei 
cent 

On the other hand, using the moro accuiate 
method, and assuming tho iccuiacy of the 
dynamomotci as 1,1 per cent, as before, and 
that of the torque measurement on the gear- 
box frame as i 2 per cent, the efficiency 
determination will vaiy between 9(> 9 and 
97 1 pei cent, ? e a variation of only one- 
twentieth of the hi st method In piaelice the 
accuiacy of the measurement of tho torque 


of the springs, piopoxtionat to the torque 
ti ansinitted, being indicated by tho relative 
displacement of a pointer ovei a clium 
which cames a slip of paper The position 
of tho pomtet at any time during an expeu 
ment is recorded by passing a senes of high- 
tension electnc sparks through tho paper so 
that tho magnitude of the torque may be 
ducctly calculated iiom the known calibration 
of the springs A pencil or pen could not bo 
used for the indicator because ot the difficulty 
of balancing the centiifugal forces called into 
play by tho high speed of rotation and also 
the i notion of tho pen or pencil on tho drum 
Alternate torque springs are wound in opposite 
directions so that the forces produced by tho 
tendency to unwind due to centiifugal action 
counterbalance each other , with this anange- 
mont it was found that the static and dynamic 
torque calibrations agiced with each other 



on tho rectangular frame can ho determined 
to about 3 per cent 

Tho apparatus has been used to determine 
efficiencies under different conditions of lubri- 
cation, and chlloronces due to temperatuio 
and quality of lubi leant have boon ob 
served 

^7) Aliual Propeller Dynamomet CHS — 
In older to accurately determine the perform- 
ance and efficiency of unscrews, two dynamo- 
meters have been designed and made in tho 
Aeronautics Department of tho National 
Physic al Laborato i y 

The problem of the design of such an instru- 
ment involves the determination of tho an 
speed relative to tho propeller, tho torque and 
the thrust, observations of each being made at 
tho same instant of time 

In the two widely different forms described 
below experiments wore made on scale model 
airscrews about ono-sixth full size 

§ (8) Whirling Arm Dynamometer — A sec- 
tional drawung of tho dynamometer is given 
m Fig 20 The airscrew shaft is driven 
through flat coiled springs S, the extensions 


The an sei gw shaft is allowed a small axial 
movement and it is so supported that this 
movement takes place with extremely little 
f Motion Tho end of tho shaft beam against 
ail osc dialing lover, being directly controlled by 
tho thrust spring h, tho tension of which is 
adjusted by means of tho mieiometcr screw 
/ and two adjustable stops, both tho latter 
being insulated electrically from tho frame of 
tho mHtiumont 

When the tlnust of tho an snow balances 
tho pull of tho sjiimg the lever floats between 
tho stops, but when the thrust is too groat or 
too small contact is made with one or other 
of tho stops and an indication is thus given 
by moans of a galvanometer 

Oscillations m tho torque spnngs due to 
small lricgulaiities in tiro driving torque are 
damped by tho oil dash-pot K This con- 
sists of a senos of eoncenino discs, alternate 
discs being attached to the sleeve cai rymg the 
inner ends of the springs and to the drum to 
which the outer ends are fixed The oscillations 
are damped by tho fluid fnction between tho 
discs 
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The apparatus is mounted oil a whirling 
arm about ,10 ft m radius, and the cen- j 
tnfugal force on the airscrew has no 
component m the direction of the thrust 
Certain forces due to centrifugal action aie j 
automatically balanced by suitably placed 
masses 

The airscrew speed is measured by means 
of the voltage obtained from a small electric 
geneiator driven by the propeller shaft, 01 
alternatively by measuimg the time elapsed j 
for each hundred i evolutions of the shaft 
The speed of the apparatus relative to the air 
is obtained by means of a Dines tube Ail 
electncal and air connections aie taken to the 
central shaft of the winding aim, fiom winch j 
they are again taken to an observing table 
whore the speeds of the aim and piopellor 
shaft aie controlled 

§ (9) Fixed Aeriil Propeller Dynamo- 
meter for Use in a Wind Channel — A 
sketch of tins apparatus is given m Fkj 21 
It consists of a small eleckic motor A bolted 
to a cradle, the ends of which are attached to 
two hardened steel points beaiing m the cups 
of the “Y” pieces M These “Y” pieces 
are rigidly connected to the lower ends of 
the diagonally aitangecl wires 0, the upper 
ends of which aie supported from the roof 
of the tunnel by stniups carrying hardened 
steel points bearing m the cups D With 
this method of support the electric motor 
is capable, if there is no other constraint, of 
a swinging motion in the dnection of the 
motoi shaft and also of a rocking motion 
about the axis passing through the points B, B, 
this axis being parallel to, and slightly below 
the axis of, the shaft A spindle arm E, 
projecting from the underside of the cradle, is 
connected by a strut and a “ C ” spnng to 
the top of a spindle clamped to the head 
of an aerodynamical balance the vertical 
head of which projects up through the floor 
of the wind channel The spindle arm E 
and the top of the balance arm are enclosed 
m a guard which is streamline shape sm round 
mg the strut and “ C ” spring A revolution 
counter driven by the motor shaft and m 
electncal communication with a bell enables 
the rotational speed of the airscrew to be 
measured To avoid any unnecessary con- 
straint of the moving parts of the apparatus 
the electrical connections to the motor are made 


through the mercury cups G The scale of 
the model an screw used with the apparatus 
needs to be such that the motor with its 
contiguous parts is completely enclosed m a 
shell ol the model aeroplane body K, and such 
as to ensure sufficient clearance between tho 
sui rounding shell and the moving parts of the 
measuimg appaiatus The body is suitably 
supported by bais from the sides of the 
channel 

When measuimg torque, the rocking axis 
BB of the motor and ansoiow, which is 
parallel to the airscicw shall, is fixed 
parallel to the centie line of the channel 
by ngidly attaching the “ Y ” pieces to 
the hats L The brackets at the lower 
end of the arm E and at the top of the 
balance spindle are adjusted so that the 
strut which transmits tho load to the top 
of -the balance arm is at right angles to the 
an screw shaft A direct calibration of the 
appaiatus may be made by applying a 
known toiquc and weighing duectly with the 
balance 

To measure thrust, tho “ Y ” pieces are 
detached from the bars L so that tho motor 
and ail sci ew have freedom to swing m a 
longitudinal direction about the points D at 
the upper ends of the wires, and the points 
B of the motoi cradle The brackets on tho 
lower end of the arm E and the top of 
the channel spindle aie adjusted so that the 
strut F which transmits the thrust to tho 
top of the balance is parallel to tho airsciew 
axis A strut N, which is held m position 
with a “ CJ ” spung between the bracket 0 
and the cradle and one of the bais L, pre- 
vents the motor rocking about the axis BB 
The calibration of the thrust apparatus may 
be obtained by applying a know thrust along 
the an sci ew axis and measuring directly tho 
| airscrew balance 

The air velocity m the channel is measured 
by a tilting manometer j ir n 


Dynamometer, British Association See 
“ Dynamometers,” § (5) (i ) 

Dynamometer Cars See “ Dynamometers,” 

§(5) 

Lancashire and Yorkshire Railway Go ’s 
See “ Dynamometers,” § (5) (v ) 
Dynamometer, Hidraulic See “Hydiau 
lies,” § (61) 


E 


Earth 

Age of, deduced from Cooling See “ Heat, 
Conduction of,” § (12) (in ) (a) 
Foundations, Effect of the Percentage of 
Water piesent on See “ Friction,” § 
(34) 


Temperature Waves m See “ Heat, 
Conduction of,” § (12) (i ) (a) 

Eccentric Gear for Slide Valves See 
“ Steam Engines, Recipiocatmg,” § (2) (ui ) 
Eddy Current Brake for Power Measure- 
ment See “ Dynamometers,” § (2) (vi ) 
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Eddy Resistance Sco “ Ship Resistance 
and Piopulsion,” §§ (13) and (14) 

Eddy Viscosity See “ Mechanical Viscosity, 
Faction,” (10), (11), (12) 

EnnaiUNaiiiS of Internal Combustion 
Engines, Table of Ideal Values Soo 

‘^Engines, Thermodynamics of Internal 
Combustion,” § (40) 

Efi-ioienctes of Petrol Engines Sco 

“Potiol Engine, The Water cooled,” §§ (2) 

w 

Efiioienoy of a B eat engine The efficiency 
is measured by the latio (Q t - Q 2 )/Q v Q t and 
Q 3 being the amounts of heat takon m and 
i ejected respectively If r L\ T 2 ho the 
cone spending tempeiatuies on the Absolute 
Thonnodynamic Scale, wo have foi a reveis- 
lblo engine 

Qi - Q 2 _ T i ~ T 2 

Qi ~ t; 

Thus the efficiency of any reversible engine 
working between tempeiatuies T z and T 2 is 

T\ 

Soo “ Theimodynamits,” § (20) 

EI'Fioienoy of Rankine Cycle See “Steam 
Engine, Tlicoiy of,” § (8) 

ELASTIC CONSTANTS, DETERMINA- 
TION OF, AND TILE TESTING OF 
MATERIALS OF CONSTRUCTION 

§ (1) Introduction — The i casons foi the 
testing ofc materials of const! uction aie vauous 
and depend upon the point of view m which 
the mquuer appioachca the subject 

The designer, m older to piopoition the 
parts of his machine oi stiucturc and apply 
Ins theoietical calculations, icqunes to know 
the physical constants of the materials with 
which he deals The ami of the scientific 
expei imontei i$ to supply this data m oidor 
that the theoietical ioseaieh.es m apjilied 
mechanics may be applied to the pioblcms 
with which the cngmcei is confronted m his 
piactiec Absolute losults concerning definite 
jnopeities of mateiials foim the basis of 
scientific testing 

The material to bo used in the consti uction 
of any structure can usually bo obtained fiom 
several sources of supply and of several giades 
and prices The engineer wishes fust to indi- 
cate to the manufacturer the class of material 
he needs, and for this purpose ho supplies 
him with a specification containing among 
other things particulars of the properties 
required The design is based on ceitam 
values foi the xihysical constants, and theso 
values are the real criterion of the suitability 
of the material for the puipose for which it is 
intended The determination of the constants 
is usually a slow laborious business requiring 


considei able skill and scientific ability Ap 
proximate tests have boon devised, which 
aio only intended to give a compaiative 
indication of the physical piopeities ot the 
material The results expected fiom these 
tests aie mseited in the specific atmn , m some 
eases they appioximate closely to the scientific 
tests 

It is, obviously, impoitant for the cngmcei 
to be assuied that the material supplied 
fulfils the loans of the specification, ancl foi 
this pm pose he selects sample poitions of the 
material and subjects them to the specified 
tests Comma rial testing is ilieieforo earned 
out to deloimmo whether materials conioim 
to the toims of specifications 

Tlieio is a fuithcr section of the subject 
which has been given a great impetus m 
tho last few years, viz uivestigalcny testing, 
undertaken to deteimmo causes of laiiure of 
material m actual practice and to improve 
juoeesses of manufacture and design of 
machines and structures 

Tho science of engineering is advanced by 
a systematic study of lailuies jnobably quite 
as much as by any other branch of research 
In investigatory testing, methods are employed 
to cxaggoiate certain properties m ordei to 
compare them m various mateiials with ease 
and certainty Those same piopeities can 
probably be studied by a careful analysis of 
tho absolute results obtained by scientific 
testing, but the process is difficult and cannot 
bo attended with success without considerable 
practical experience 

I Testing Machines 

§ (2) General Methods —There arc ceitam 
methods of test which aio applicable to all 
branches of test wink The complexity of 
the machines employed Cor these tests depends 
upon the number of proposes for which it is 
intended to use them This complexity is 
contingent upon 

(1) The variety of mateiials it is lequired 

to test 

(2) The lands of stiaimng action needed 

(3) The foim and size of tho specimens to bo 

tested 

(4) Tho magnitude of tho forces to bo 

exoitod and measured 

(5) Tho accuracy required in tho results 

By limiting tho requirements, tho testing 
apparatus can bo made of great simplicity 
For instance, in a transvorso testing machine 
such as is used for checking tho quality of 
cast non m a foundry, the tost pieces can all 
he ot one size, tho straining action is always 
tho same (the test piece homg broken as a 
beam), and there is not a groat deal of variation 
of tho breaking load A machmo such as 
this is simple and effective 
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Every increase in the requirements adds 
additional apparatus to the machine An 
accessory for one purpose will often interfere 
with the running of the machine for another 
purpose, thus causing loss of time in making 
the necessary adjustments for the experiments 
m hand, involving great care m the setting 
of the machine and making it more difficult 
to handle It is therefoie in the interest of 
the user to consider caiefully the functions 
which the machine will be called upon to 
perform, and to limit them to a minimum 
In this nay increased efficiency is obtained 
with minimum cost 

The simplest method of testing is by direct 
loading, and the earlier researches on strength 
of materials weie carried out by this method 
Galileo (1638) and Muschenbiock (1729) made 
many tests on a small scale by this means, and 
where it can still be applied it is the simplest 
and best method of testing available Owing 
to the difficulty of handling heavy loads it is 
only suitable for use with weak materials 
When at the beginning of the nineteenth 
centuiy the demand came for tests on a 
laiger scale, it was necessary to consider other 
means of applying the foice than by direct 
loading, and within a few years the three 
arrangements found m modem testing 
machines were employed, viz 

(a) Load applied by hydiaulic pi ess — no 

weighing device, but load calculated 
from the pressuie on the ram 

(b) Load applied by gearing at one end — 

weighing lev^r at the other end 

(c) Load applied by hydraulic press at 

one end — weighing lever at the other 
end 

In 1S13 method ( a ) was employed by 
Brunt on & Co for a chain cable testing 
machine The arrangement for arriving at 
the load w as not capable of giving very 
great accuracy It was necessary to make 
an allowance to the load, which was deduced 
from the indication of a pressuie gauge, for 
the friction of the packing of the ram or the 
cup leather, and the amount of this friction 
was extremely variable 
The 'Whitworth hydraulic testmg machine 1 
and the 600-ton testmg machine of the Union 
Bridge Company at Athens, Pa , U S A , both 
use the same principle The 5000-ton Olsen 2 
compression machine of the Geological Survey 
and the Bureau of Standards, and the 600-ton 
Olsen compression tester of the Rensselaer 3 
Institute at Troy both record the load by 
the pressure in the hydraulic press, but with 
these machines the pressure is transmitted to 
a diaphragm whose area is smaller than that 

1 bee Peet, Proc Inst Mech Png , 1898 

2 Engineering Record , Feb 1909, li\ 

8 Proc Am Soc Test Mat, 1909 , ix 


of the mam lam The pressure on 1 Ik dni 
phragm is mcasmed by a systc m oj lewis 
Method (a) has been applied lo modem led mg 
machines by eliminating the packing tncl 
having an accurate ty lilted lam and <\ Imdei 
with small cleaianee By using oil Hie •.light- 
leakage between the 1 lam and c yhndc i indue < s 
the friction to a practically negligible quant it i 

The evolution of the' other two testing 
machine arrangements, (b) and (r), Bom i lu* 
direet loading method was due to the mtiodiu 
tion of the level By placing a level m 
between the test piece and 11 io look the 
amount of dead weight lequncd w is i educed 
by the latio of the level aims This anauge 
ment, although quite suitable toi hiim. 11 pass s 
possessing little ductility, was found to bo 
open to the objection that, a« t ho muter i«d 
stretches, the position of the levc i allem and 
cannot be adjusted 

In 1817 Captain Brown construe tod a (‘able 
testing machine m which the elefm matron of 
the cable was noutiahsed, and the load 
applied, by means of gearing at one end, while 
the load was measured by a level at the other 

The use of gearing was the method ol 
straining used m America on machines ol 
the lever type* The same arrangement, 
although common on small machines m tins 
country woikecl by hand, had not, however, 
been used on power-drrven machine's until 
recently 

Another method of counteracting lire de- 
formation of the test piece was applied by 
Lager j helm, of the School oi Mines at Sloe k- 
holm, who conducted experiments in 1825 
on a 7 ton machine m which a hydraulic ram 
neutralised the give of the lest piece uud 
applied the load, which was meiiHmed hy 
weights acting on a knee lever About the 
same time, that pnnerjrlo was also employed 
by Bramah 4 m the construction ol a machine 
used at Woolwich Dockyard hy the late Pro- 
fessor Barlow for somo of lus experiments on 
the stiength of materials This method ol 
construction is, however, always associated 
with the name of David Tvnkaldy, who m 1S6(> 
erected, m London, his well-known nine lime 
of 400 tons capacity The combination oi 
hydraulic ram and levers has since be cm m 
common use m machines of many designs, 
the chief differences in theso designs being m 
the arrangement of the lever or lovers and 
their position relatively to that ol the teHt 
piece 

Thomasset, 5 in about the year 1872 
measured the load on the lever* by means 
of a diaphragm piston with an extremely 
limited motion, and balanced tho load on 
the piston by a mercury gauge Mailkud and 

258 Barl0W} °f Materials, London, 1851, p, 

s Lehasteur, Les Mdtaux, p 52 
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niciy j, fov ytats later dispensed with tlic 
uh and transmitted the whole load lo the 
uphragm Finciy 1 constructed a michrne 
d>0 tons capacity in which the piossuie 
i the diaphragm piston was meisiucd by 
ansnutting it to a smaller one m which the 
ercinv gauge of Thomasset was lopliced by 
system of levels and weights 
Tlie hist essential requirement of a testing 
taehine is accuiacy — the load shown by the 
uiclune should bo an at cm ate indication of 
w real load to which the test piece is sub- 
bed In or dei to obtain complete accuiacy 
is necessaiy that 

(1) Simple means should be available for 
dabhshmg the truth oi the indications of 
ho machine — it should be capable oi being 
asdy calibrated Tins calibration may 
Lei ■with use * if ot the lever type the 
nife edges may wear or be displaced, 
nd, on a thieo mch fulcrum distance, 1 pci 
ent etior in the readings would he caused 
>V a displacement of only 0 03 inches 

(2) The sensitiveness m wnik- 
ng should be adequate, t o small 
hherences m the load should bo 
oadily indicated 

Anothoi desnable featuie is simplicity — 
rot simplicity resulting fiom a mere ro- 
luction of the attachments tor tho various 
tests, bub that obtained by ensuring that 
the vaned requriements are earned out 
without undue complications This not 
only reduces the parts lnble to 
alfceiation with use, but lenders 
tlie machine capable of rapid and 
easy manipulation dm mg test, a 
teaturo winch is especially nnpmtant m a 
nuchmo to be used for commercial testing 
Othei mpuremonts necessaiy in a machine 
oi commeiciai testing are 
{a) Tlu tests should be accessible fiom tho 
lion! of iho machine, and the scalo and con- 
tiol levels within easy ioa< h of the opeiatoi 
(6) The te it pioc c should bo easily msoi ted 
in the machine, i e tho method of gi piping 
should be simple and convenient Foi 
labor atoiy work it is advisable that the 
machine should bo conveniently tu ranged to 
take an autographic rppaiatus foi legistering 
the insults, and should be generally adaptable 
to all soits of conditions which may from time to 
time be necessary foi varied experimental woik 
The liability of the testing machine to 
subject the specimen to momentary shocks 
should also be con&ideied Tho mottia in the 
lever and weights (m that type of machine) 
may increase the stress m the test piece beyond 
that indicated by the scale reading of the 
jockey weight The construction of oach 
machine should therefore be undei stood by 

1 Her Towne, Inst Mech Eng Pioc , 1888, pp 20C 
anti 418 


the opeiatoi, and m skilful hands enois duo 
to this cause can be reduced to a veiy small 
amount 

^ (3) HORIZONTAL AND VwilTlCAT MACHINES 
— Testing machines may be arranged m either 
of two ways 

( 1 ) In which the load is applied hoi l/ontally 
— horizontal testing maehin.es 

(n ) In which tho load is applied veitieally 
— veiiical testing machines 

Foi testing long specimens it ir usuat to 
employ a machine of tho horizontal type m 
winch it is necessaiy to support the test jiieco 
and the gups which hold it, othei wise forces 



Variable 

Load 


A, Fixed Leverage and Variable Load 


Centre ofGrauitij of 
Jocfiuj Weight 



Fuwcd Load and Variable Level age 


Mouable Joclidy Weight 



C, Movable Jockey Weight combined with a 
Load at a Fixed Leverage 
FIG 1 

aic applied lo the tost piece which are not 
measuied by tho load -measuring apparatus 
The vertical testing machine, however, is moio 
convenient to handle and, except in the cn- 
cumstances mentioned above, is the arrange- 
ment generally adopted 
§ (4) Modern Testing Machines — Modem 
testing machines usually consist of lour mam 
|>ai is 

(i ) An arrangement for applying the load 
(n ) An adjustment to neutralise the elleot 
of the deformation of tost piece so as to 
provide that there is no movement of the 
point of attachment of the test piece to tho 
weighing ajxparatus 

(m ) A method of measuring the applied load 
(iv ) Holders for connecting the test piece to 
(x ) and (in ) 
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The vauoiis types of testing machine diflei 
m the way in winch these requirements aie 
earned out The lu&t and second paita aie 
usually combined, and the load on the test 
piece is applied to one end either by (1) a 
sti tuning cylinder actuated by a pump and 
accumulator, screw compiessor or oil pump 
(hydraulic rotaiy 01 direct dnvenl , or (2) screw 
geanng driven by hand or by powei (such as 
an electnc motor) Sciew powei testing 


Side Rods 



Weights 

cm 


Screw Geanng for 
Raising or Loiuei mg 
the Side Rods 


machines aie divided into two geneial types 

theyotaiy screw and the rotating nut 

The load or foioe exerted on the test piece 
is measured ( a ), moie commonly in Great 
Lutam, by a lever or system of levels with 
weights oi a movable counterpoise forming a 
weighing apparatus , 

(b) by balancing it with fluid pressure acting 
on a diaphragm , 

(c) by measuring the pressure of the oil or 
watoi m the stianung cylindei , 

(d) by calculating the load from the angle 
through which a weighted pendulum is lifted 

Testing machines using methods (b) and 


(0 have the advantage that (hey « 
cheaper to make than the weighing h 1 
machine, aie piactically heo 1mm mm 
foices, and the load is automatically adjust 
to the stress They, howevei, lequne \( 
careful attention and calibration, and aie i< 
siclered by the Board of Trade to bo tint 
sirable foi use when making acceptance U st 
§ (5) Types op Testing Maoiiie ps Ln 
Testing Machines — By lai the largest numb 
of machines measure the load by tho u 
of a level The loading oi tho lover 
effected eithei by (a) adding separate weigh 
to a scale pan placed at a fixed level n go (i 
fixed level age and vauable load) , (b) having 
single jockey which tiavcls along the bea 
(if fixed load and vanahlo lovoiago) , (<) 
combination of (a) and (b) 

These arrangements arc indicated diagmn 
matically m Fig 1 With either of the mol hoc 
the following points must he borne m mind 
(1) The levei during the tost will clump 
its position, and m ordez to secuio eonslui 
leverage the jiomts of application of the loan 
must be in a straight line, i o tho centre < 
gravity of the moving weight and any knit 
edges employed must all he m a straight hn 
or, if the moving weight is hung from a kmf 
edge, the knife edge must tiavel along thn 
line 

(5) Any addition of weights dining a fos 
must be earned out without piociucmg shook 
on the specimen In those machines m wind 
weights aie added to the scale pan it is umm 
to cany tins out by a mechanical anangomon 
such as is shown m Fig 2 
Iii some machines the load is moasuml b) 
the height to which a pendulum hob is raised 
"Ins can be considered as a modification o 
the lever method Fig 3 shows how it wm 
employed in the tests described m tho Bntisli 
Engineonng Standards Association .Report 
No 55 1 

It is desirable that, on tho same machine, 
the percentage accuracy of leading ilm load 
should be the same with small as with large 
specimens, and it is therefor e usual to arrange 
modun testing machines so that the same 
length of scale is cqui\alent to at least two 
values of the load Tins is tamed out either 
by vaiymg the leverage oi varying tho weight 
oi the moving poise 

The leverage is varied by providing alter- 

?i atl T*r f ? lcra , ThlR metIl0(1 is introduced into 
the Wicksieed vertical machine (see Fig 10a) 
and consists in piovidmg a thud knife odgii 
which can bo put in or out of gear Whoa it 
is m place, the knife-edge distance is Inigo and 
the machine is arranged for use with weak speci- 
mens, otherwise the full capacity of the machine 
is available Thus the same countoipowo nmv 
represent say SO or 100 tons for tho same 
travel ot the counterpoise along tho lovor, 
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according to winch full nun is used The 
method oi updating the tlmd km to edge is 
shown m Fia 4 The thiee knife edges aLC 
in. the same line, hut the movable support Y 
for the thud knife odge Z is inised so that 



when it is placed m position by the woim 
geax thoie is a slight cleaianoo ovei the suppoi t 
X, as shown m Fig 4 (B) 

The weight of the moving poise is varied in 
machines supplied by Mossis W & T Avery, 
Ltd The countei poise is split, and foi small 
loads a part oi it is detached and used as a 
sepai ate poise 

In oi dei to obtain a high mechanical advan- 
tage, without making the shoit aim of the 
level very small, some machines use a multiple 
system of levois each with comparatively small 
mechanical advantage It is therefore con- 
venient to divide level machines into two 
sec lions, (1) those using a single lover, (2) 
those m winch the lovers arc compounded, 
and to subdivide those sections according as 
to whether the test pieces are veitieal or 
hoiizontal and whethei the load is applied by 
a stiammg eylmcloi or screw goaimg 

(6) Singi i i * - LEVMt Maohxn] ,1 s (i ) Verti- 
cal — Fig 5 shows diagi ammakeally the 
simplest arrangement of a smglo-lover machine, 
this being the principle adopted by Mr Wiok- 
steecl 1 It is a vertical machine with a single 
horizontal lever A on top, to which one end of 
the test piece B is connected A movable poise 
G weighs the load, which is applied to the other 
end of the test piece by the lam of a hydraulic 
1 Inst Mrch Eng Proc , 1882, p 384 


piess (as shown) ot by sciew gearing The 
following die modem examples of machines 
winch use this pnnuple 

(n ) “Atcnj” 10 ton Elm tonally Dnven 
Single level Testing Mcufmie — Tins machine is 
shown m Fig b A is the weighing level and 
B the poise woight of 840 lbs , which is moved 
by a Genii ol sciew C The screw is dnven 
by hand at D flnough geanng E and E 
and a hooked joint G 
winch is placed on a 
lino with the iulcium 
The stiammg of the 
test piece is piocluccd 
Enough worm and 
spin gearing by means 
of an electiic motoi 
II, whoso control is 
located at I oil the 
standaid ncai to the 
hand wheol propelling 


Pull by Stiammg 
Cylinder 


Wire lope attached 
Ayy to automatic giar 
\ to prevent weight 
\ falling bach upon 
\ fractui e of test piece 


y the poiso weight 

The indicator J, which shows the 
equilibrium of lire steelyard, as also 
close at hand, so that the operator has 
alii ho conti o Is within easv roach The 
free end of the level plays m a space 
m the suppoitmg jnllar K Springs axe 
provided to take the shock when the test piece 
breaks 

The grips foi flic test piece aie shown at 
L and M , those aio pi ovaded with attachments 
for test pieces with eithei screwed oi enlaiged 
ends The upper grip is attached to the lover, 
while tho Iowan one, which slides m guides m 



the standard 0, as connected to the stiammg 
screw P Tho second knafe eelgo Q rests on 
the standard 0 

(m) “Damsons" 304on Tasting Machine — 
In this machine, shown in Figs 7 and 8, the load 
is applied by a straining cylinder, the pressure 
to which is supplied by a patent hydraulic 
rotaiy oil-pump This pump ^ iafl a variable 


120 


ELASTIC CONSTANTS 


dehveiy m eithei direction whilst being con 
tenuously driven in one direction The clave 
can eithei be by cliieet coupling to an electno 




motor, as shown 
m Fig 7, oi by 
a belt fiom a 
countei shall A 
similar pump la 
used for driving 
the standard 
jockey weight 
m either direc- 
tion , the speed 
at which it 
tiayels can be 
vaned by means 
of a level plac ed 
in a convenient 
position 

The machine 
is supplied with 
tell tale devices, foi indicating to the operatoi 
the functions of the various parts, as well as 
all the features which are indispensable for 
accurate woik 

(iv ) Bucllon's 1004on Machine — A photo- 
graph of the machine of this type v Inch as 
installed at the NP L ib shown m Fig 9 The 
load as applied b> a hydiaulic ram and cylmdei 
which axe placed in a pit below the floor level 
A piessuie of 1 ton per sq m is supplied to the 


Fin 


photograph is fitted with alternative fulcra 
(see § (5)) grung a shoil knife edge distance 
of either 3 or f> inches, so that the jockej 
weight of 1 ton in teavellmg 
the full length of the scale 

^ can he arranged to give 

either a load of 100 oi 50 
tons 

Another featme of the machine is the 
ariangement which lias been added at the 
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Fig 7 


NPL topreventthe jockey weight accidentally 
running past the end of the scale m either 
direction When a considerable number oi 




cylinder by a hydraulic pump and accumulator 
driven by an electric motor The counter- 
poise is driven by hand or mechanically by 
fast and loose pulleys operated from a suitable 
line of shafting The machine seen in the 


tests have to be earned out, it is usual for the 
operator to measure the extension, contraction 
of area, etc , and enter up his results, while the 
counterpoise is running back for the next test 
It detracts from his attention if he has to De 
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v ontinually on the alert to stop the counter - 
ioise ai the light time The gear is shown 
n detail in Fig 10, and updates on the helt- 
Inaw ovei goal The shaft A operates the 
;eanng foi driving the weight along, placed 
it the end of the beam, and is woiked from the 
maall counter shaft {not shown) through hovel 
wheels B The staking gear of the counter 
draft is operated by a shaft 0, which lias a 
landle (not shown) on its lowei end A spur 
?eai on shaft A operates a seiow r 1) through 
gearing This screw is so anangecl that it 
loes not rotate hut travel scs horizontally as 
/ho weight is run along the beam The sciow 
aines a piojection E working in a bracket 
F attached to the striking geu shaft C 
Adjustable lugs G and E aie fitted on to 
lus piojection and aie ai ranged so that v r hon 
die counterpoise reaches the ovtromo end of 
Is travel, m either direction, one oi other of 
[/he lugs Ct and II will lotate the striking 
^ear shaft and throw the driving belt on to 
[he loose pulley of the countershaft The 
lugs ran he adjusted so that, for any senes ot 
Levis, the counter poise will ho stopped at an> 
predetermined position along the beam A 
photograph of the gear is given m Fig 10a 


Munir h exhibition m 1854, since when a con- 
siderable number of similar machines have 
been constructed The arrangement of the 
machine is illustrated chain am inati tally m 
Fig 11, horn which it will be seen that, 



Tig 8 


(1) only ono lever is icquned im a 500 to 1 
leverage, and (2) by an ingenious an angoment, 
the lam, lever, and weights aie all at one end 
ol the machine It is thus a simple matter 
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lever lianas a scale pan W The central 
fold um ot the lover G icsts on the end of 
the iam 0, so that, as the test piece extends, 


The teat piece is pulled fiom the mam 
ciosshead V hy four lods (two shown m 
plan as Tj_ and T>) , these lods aie connected 



the ram moves out, carrying the whole measur- 
ing apparatus with it The aim L is kept 
horizontal by the help of a level which is 



Fltf 10 v 


d to it Fit/ 12 shows a sectional elevation 
tiatmg the principal knife edges, and 
13 gives a plan of the machine 


vertically m pairs by ciossheads V 1 and TJ*, 
and pull tin ougli knife edges G l and C a 
on to a huge U-shaped block Q, to which 
the levei Q x is ngidly attached Block Q 
has two openings m it, through which the 
ciossheads Uj and U 2 pass The horizontal 
line through and 0 2 passes through the 
avis of the test piece 

The whole system of rods and crossheads 
hangs fiom the ram crosshead at Nj and N, 
on the traverse bar 00 The block Q 
hangs from this bar by the knife edge lints 
knife edges being in the same hno as 
E 2 ), its balance being adjusted by the 
sliding weight 8 

In the middle of the block Q the knife 
edge b is fitted , tins bears against a sto( 1 
face a forming part of the ram crosshead 
This knife edge is 3 mm lower than the line 
of the others Thus ihe iam coming out 
‘■VPph 08 & load to the test piece through the 
block Q, knife edges Cj and (h, crosshcads 
Uj and U 2 , and the rods T x and” T, As the 
knife edge is 3 mm out of line with C\ and C* 
a bell crank lever is formed, the small aim 
of winch is 3 mm and the long arm 1500 mm , 

1 & the distance the scale pan is away from 
the knife edge 

It is clear that the length of the short arm 
of the lever (3 mm ) cannot be directly checked 
with sufficient accuracy, a controlling arrange- 
ment is therefore provided consisting of a knee 
lever f 2 having a fulcrum on the frame K 
and a ratio of 10 to 1 The knife edges on 
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this level can bo accurately measured by 
oidinaiy means and, to test the accuracy 
ot the 500 to I latio, a (Inert calibration can 
be made 

The lam C is 11 8 inches m diameter, the 
knife edge b is 141 inches long, and the 
two knife edges Q 1 and C 2 aie together 15 
inches long, so that the piessure upon them 
is about 7 tons pei linear inch at full load 
(100 tons) 

The piessure is obtained fiom two pumps 
woiked by hand oi power and placed at the 
side of the machine — a small one of 0 4 
inch diameter, used for the full load, and a 
largor one, 1 2 inches diameter, for use up 
to a load of 20 tons 

The anangement shown is for tension 
tests , foi compression tests the puli is trans- 
mitted through links from Y to a back plate 
or for short specimens the space hotwoen V 
and the back of the cylmdei is utilised 

§ (7) Compound - lever Machines (i ) 
Vertical Machines with JSci eiu Power — This is 


columns G £ and attached to the weighing 
tabk 

(a ) Olsen's yuOyOOOlb Testing Maihine — 
Pitf 15 shows the 200,000 lb Olsen fom- 
sciow compound level testing machine of the 
l dating nut type 

Shammy Mecham s m — D, T) aie tlio sti aimng 
sciews which aie attached to the pulling head 
(1, to which one end of the specimen is 
attached They pass through holes at tlio 
coiner of the platform E and through 
openings m the levels E and bod plate G, 
and outer the driving nuts II and JT X , situated 
below the lattei 

The dm mg nuts II and JI ls which are 
made extremely long to ensure a long life, 
are diiven by means of geaung JKMN 
opoiated by xmllcys and belting As each 
screw is fitted with feathers, in longitudinal 
slots cut thiougli the threads, to pi event them 
from turning, i citation of the nuts causes the 
screws to oithei rise or fall, carrying the 
pulling head G with them The tliiust of 
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the arrangement of machine which is largely 
used m Ameiica and is shown diagrammatic ally 
m Fig 14 The straining mechanism is of 
two types — the rotating suew and the 
lotatmg nut 

With the rotating screw machines, the 
pulling screws pass through nuts which are 
fastened to the pulling head A The screws 
aie keyed to and rotate with the mam goats 
tin ough bearings m tfie cover plate, thus 
moving the head up or down. 

In the rotating nut type of machine, bion/o 
nuts aie fastened m the mam gears and lotato 
with them, pulling the sciews, to which the 
head is attached, up and down The goals 
rest on long podestals bolted to the base 
plato of the machine, and m these pedestals 
keys aie fixed which prevent the screws fiom 
turning 

The thrust, in each case, is taken on the 
underneath sido of the cover plate by ball or 
roller bearings The rotating nut machine 
usually requires a pit oi opening m the 
foundation for the sciews which pioject below 
the base line of the machine 

The weighing appai atus consists of a weigh- 
ing table 0, levers t> 3 and D a , and a graduated 
beam E For tensile strain theie is also a 
weighing or top head F and two weighing 


the nuts against the bed -plato G is taken 
by bail thrust wabheib 

(m) Weighing Appai aim — The weighing 
mechanism is essentially the same as that of a 
platform weighing machine The load on the 
test pioce, applied by Iho straining mechanism, 
is communicated to the platfoim E cither 
directly m a compression test, oi through tlio 
medium of the upper steel plate B (to winch 
one end of tire test piece is wedged) and 
columns A in the tensilo test 

The platform icsts wholly on tluoo mum 
levels F so constructed as to act as a single 
Ever, and any pi ensure on it is tmnsmitted 
directly to them The kmio edges of only one 
of these levers aio shown in the figure 

A soeond multiplying lever F 2 is placed 
above and parallel to the lever F, and is con- 
nected to it by a stump J 2 The reaction 
of Iho lever F a is taken at K on a strong 
iron framework winch is secured to the gear 
box of the machmo by a diagonal biaee 
This framework also holds the support L a for 
the fulcrum of the giaduatcd steelyard to 
which tho load is transmitted from lever F 2 
by tho link w 

A cylindrical weight W, which runs on a 
sciew, adjusts the zero of tho beam, while a 
poise q , which travels on wheels, balances tlio 
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lo,u l applied TIic steelyard I s ? gi aduated up to 
100,000 lhs and an additional weight on the 
end ni the level adds a fiuthei 100,000 lbs 
(iv ) / 7 o) uanlal Compound Leve? Machine s — 
Em testing long pieces, a horizontal testing 
imiehme is essential In oidei to 
obviate the difficulties mtioduced 
by the small knife-edge distance 
oi the Wi i del machine, multiple 
level aiiang< ments aie used A 
bell - eiauk level is adopted to 
eon voit the honzontil force into 
n veitieal on< , and this is combined 
wit h the weighing level, eitliei with 
oi without the ml induction of 
i ut ei mediate levels 

The «iu alignment oi two ma- 
c limes of this type is given n\l ? \g 16 
(v j l Mi (jc Hon, anted Maclnncb 
- In cmlni to cany out. tests 
on built-up stiuetuiai mombcis of 
a pi actual si/e, mu limes oi huge 
capacity aie leqmred, and foi tins 
purpose no machine of less than 
00 tons is of much use Excluding chain 
testing machines, the best examples oi largo 
hon/onta! mat limes built m this country aie 
Knkaldy s machine of 400 tons built in 1806 


G? 


Weighing* 

Table 

(C) 

Gouers* 

Plate 

Set cws 


(vi ) The Buminqham Unneisity TOO 0 f ,0 tl 
T esting Machine — Tin-, is a un versal marhine 
wuth a capacity of 700,000 lbs and take- 
tension bars 28 ft long and columns ,J0 ft 
long The span for bendmg tests is 20 ft 

Top Head (F) 


Tl 

r .Q.(W).rn > | 






Fig If 

and the wedge grips take a maximum size of 
6 x 2 flat or Sf" diameter 

A diagrammatic view of the machine is 
given in Fig 17 and more detailed diawmgs of 



The 800 ton machine of the Conservatoire 
den Aits et Metiers at Tans built by Messrs 
J Bucddon and Co m 1904 * 

The Avery Machine 2 of 700,000 lbs in- 
stalled at Birmingham University m 1909 

1 Enguncring, Sept 2, 1904 
a Engineer, May 21, 1909 


the straining and weighing mechanism m 

Fig 18 , 

The machine has a ram K at one end and 
the lever system D at the other The heavy 
cast-iron bed XX has substantial standards 
HH at either end whose tops are connected 
by horizontal columns YY with the distance. 
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of about 40 feet, between, them without 
intermediate support There is therefore a 
clear span along the top and sides, enabling 
heavy test pieces to be lowered m positron 
by the traveller running overhead To one 


standard the cylinder L is bolted, while 
the level system is Ii\cd to the other 

The load is applied by hycliauhc pressure 
At Birmingham the town pressure of 100 lbs 
per squaie inch is available for low load tests 
and gives a total thrust of 35 tons For the 
full capacity of the machine an accumulator 
supply of ten times the pressure is used The 
diameter of the iam is 32 mchos and its stroke 
66 inches The main cylinder L, bolted to 
the standard, forms part of the machine frame, 


by means of four notched lacks N, sliding in 
the frame of the machine, which aie fixed to the 
head of the ram and into which the crosshead 
No 2 is keyed m any desired position 

One end of the test piece is fixed to the 
crosshead No 2 and the othei 
end to the crosshead No 3 foi 
compression and the crosshead 
No 1 for tension Cioasheads No 1 
and No 3 ate suspended from knife 
edges on the top of the f i ame Y and 
are connected by tension rods P, P 
which, when crossheacl No 3 is m use, 
transmits the load to tho level system 
through ciosshead No 1 and the mam 
link BB The mam lmk BB pulls on 
the top knife of a bell crank lever 
through a hardened steel hearing 
block Q Thus, for compression, tho 
load is communicated to the weighing 
apparatus from the ram by way of (1) 
sliding racks N, N, (2) travelling cioss- 
head No 2, (3) the test piece, (4) tho 
floating crossliead No 3, and lods P, P, 
(5) crosshead No 1, and (0) mam 
link B 

The weighing apparatus consists of a 
bell- ciank lever A whose principal knife edge 
Iv L , 5 feet long, thrusts against a plate fitted 
m tho bed of the machine The load is applied 
by the mam lmk B on to a knife edge K a 
similar to the principal knife edge but a short 
distance above it and forming with it the 
short arm of the lever The intermediate 
lever 0 and the mam steelyard I) are at 
light angles to tho axis of the machine The 
former has its fulcrum on a substantial 
casting E fixed to the bed of the machine, 
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Diagram of Greenwood and Hatley’s Horizontal 
Testing Machine 



Diagram of Buckton’s Horizontal Testing Machine 
Pig it 


f\lote - The Intermediate Lever (C) and the Mam 



and the main ram K, having an internal 
diameter of 20 inches, moves over an auxiliary 
fixed ram M whose function is to provide for 
the return of the mam ram after the test is 
completed The mam ram is driven forward 
by admitting low pressure water behind the 
fixed ram The load on the ram is com- 
municated to tho travelling crosshead No 2 


and the load from the bell-crank lever is trans- 
mitted to it by the link and shackles G, F- 
whde the latter has its fulcrum supported 
by a column K on the side of the machine 
The split counteiqioise system (sec § (5)) 
has been adopted m order to obtain an open 
scale for small loads In this case it is divided 
into seven equal poises giving, separately, a 
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maximum load of 100,000 lbs , and when 
combined the full load of 700,000 lbs 

The counteij)oi&o can be moved by hand ox 
operated mechanically thimigh a screw, and 
all the movements aic conti oiled by one 
opeiatoi at tlio level end of the machine 
5} (8) DTAPiinACiM MAcmiNias — Diagiammatic 
sketches of diapliiagm machines aic given 
m Fig* 19\ to c Fig 19a lepiesonts the 
Thomasset machine, 1 constmctod about tlio 
yeai 1872, m which the load is communicated 
tlnough the test piece t to a lever 7, the end 
of which beais on to a diapliiagm d The 
pressuie of tlio level on the diapliiagm is 
balanced by Quid picssuic, the amount of 
winch is measuiod by a gauge 
The Ma dial cl machine (Fiq 19b) is Bimilar 
to Ihat designed by Thomassel except that 
the mtoimcchatc level is disponsod with, the 
prcssuie being taken dncotly on the diaphragm, 
which iy consequently much laiger Tlic 
Ka illai cl pxmciplo is adopted by Messrs 
W TT Bailey & Co m then 5000 1b Stoi- 
Hychauhe testei, and is a very convenient 
airangemont foi small testing pm poses Tho 
1 Lebasteiu, 7><? Mttrtux, p 52 


G 
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load is applied to the back of the diaphiagm, 

and the pit&suie in the diaphragm chamber 

is measured bv a piessure gauge 01 mercuiy 

D n column 

Pressure Gauge 

or Liquid Column * l( J 19c lepresents the 



Test Piece- 

Tig 10 4 — 'Thom isbet s Testing 
Machine 

Emery machine, the fiist ex 
ample of which was completed 
m 1879 , it is really a com 
pound lever machine with a 
hydraulic lewer introduced 
between the test j^ece and 
the weighing apparatus The 
pull of the test piece t is com- 
municated to a diaphragm L It is ti ad- 
mitted fiom this to a reducer R, the pressure 
on w Inch is balanced by the level system 
(i) Emenj Mai Janes — The first Emery 



the Board was the acquisition of an 800, 000 lb 
testing machine which they oidtnd lioin 
A H Emeiy of New \oik This wus 
completed m 1879, and is one ol the 
laigest and most accuiato testum machines 
m tho wmld Unwin, .diet mspe< i- 
mg an Emery machine, said “ Tho 
meat of tho Emeiy machine was 
that, while it had boon made un 
much more delicate and sensitive Hum 
an oidmary machine as a thorn inUh 
balance was m compannon with a 
grocer’s scales, this losult had at 
the same time boon obtained by 
means which lender od tho moie si nsi- 
tive machine less lnblo to mjtny, 
less liable to weai, and less liable to 
get out of oulei, than tho ordinal y 
machine ” 

The principal poeuhauties ol the 
Emery machine are (a) An aimnge- 
ment of hydiauho chambers and dia- 
'////, pbragms able to ioooivo huge jjiohsuioh 
and shocks without injury and (o 
transmit them to a convenient point Tor 
measuring and lecoulmg 
(b) The replacement oi knife edges with 
thin blades of stool These were mtioduced 



Straining Gear 



Screw 


Pig 19b 



Flat Plate u knife edges’ 1 


Flat Plate 
Springs 


r 


r 


r 


Senes of Weights 
added mechanically , 


Eig 19c —Diagram of Emery Machine 



Flat Plate 
u knife edges ” 


machine owes its origin to the United States 
Board for testing steel, iron, and other 
materials, nho entered upon their work m 
1875 One of the most important actions of 


to “ absolutely 
eliminate fin 
turn and to 
piesoive inde- 
finitely the ful- 
crum in ( oi va Is 
m distant i*h pro 
ciBoly an (unt 
adjusted, and 
Flat Plato to lOHiHt and 
"knife edges” transmit all the 
pressures and 
shocks to which 
tho fulorums 
aro subjected 
without m the 


T , , , _ wmnouL m un 

slightest degree impairing their sonmtivenos' 
or durability ” 

Numerous machines have been made n 
the United States since 1879 on tho Emeu 
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principle Fiqs 20 and 21 show particulars 
of tlio moie important working parts of a 
300, 000 -lb vertical Emery testing machine , 
detailed di a wings are given m Mr Towne's 1 
paper 

(n ) 300,0004b Emenj Machine (Figs 20 and 
21) Shammy Gem — A tension test piece A 
{ Fiq 21) is shown between the slmcklcs U and 
L of the machine Tho upper shackle U is 
attached directly to the lam V of tho straining 
press, winch is earned by two mam adjusting 
guide sciews M using from the bed of the 



machine F The vertical adjustment is 
effected by means of the nuts N, which aio 
geared together and are rotated through a 
shaft and bevel gearing by a handle X 

The thud pressure is convoyed to tho ram 
by tiro pipes T t and T a , which have swivel 
joints to allow for adjustment of the straining 
cylinder 

(m ) Hydraulic Leaver — Tho lower shackle L 
is secured to a yoke consisting of two blocks 
II and B connected by four steel bolts W 
In this yoke the hydraulic support 8 is 
placed between the two beams O x and C 2 
Thus the load is transmitted directly to the 
hydraulic support through the yoke and 

1 .See Towne, Inst Mech Eng Proc , 1888, pp 200 
and 448 


beams, tho upper block II acting on beam 
G x for compression and the lover block B 
communicating the tensile load through 
beam 

The yoke is secured in its pi open position 
by flat plate springs 1 which hold it steady 
laterally while leaving it free to merve verti- 
cally through the small range desired Tho 
hydraulic support 8 (Fiq 21) is shown m detail 
m Fiq 20 and consists of a piston D winch 
can move vertically 0 001 mth in a fixed 
ling and base block (N and K) A space 
of 0 1 inch is allowed between tho piston 
D and tho ring N 

The lower surfaco of the piston and the 
uppei surface of the base block are turned with 
annular grooves and care lined with soft sheet 
brass 0 005 inch thick The linings form a sac 
by being interlocked as shown in the diagram 
Tho piston I), while permitted to move verti- 
cally, is seemed against Literal motion by 
an annular diaphragm V at its uppei suiface, 
and tho exposed poition of tho working cha 
phiagm or upper portion of tho brass sac at 
its lower face, winch acts as a flexible lunge or 
joint Tho sac is filled with alcohol and 
glyceime or refined kerosene oil, and the load 
when apjrhed to it is transmitted to a smaller 
hydraulic chamber or reducer R (Fig 19a), 
containing a similar thin film of liquid, 
wheie it is balanced by the level weighing 
apparatus 

(iv ) Weighing Appa) at its — The maximum 
load of tho machine is thus reduced to a maxi- 
mum of 10,000 lbs on the lcducei, and this is all 
tho load that is convoyed to the fulcium jilate 
of tho mam lover M (Fig ]9c) of tho weighing 
apparatus Thin pieces of tempered steel aio 
lised instead of knife edges, and are foiccd, 
under a pressure of about four times tho 
working load, mto tho pieces that they con- 
nect Tho relation of the beams, which liavo 
a total multiplication of 20,000 to 1, is 
shown in tho figure The total i eduction of 
load is 600,000 to 1, so that very small weights 
are all that are necessary to keep tho levers 
horuontal 

(v ) Calibration — The hydraulic support is 
tostod with known loads, applied by a “rating 
machine," up to the maximum capacity of 
the Emeiy machine The exact weight 10 - 
qtuied on the weigh lover to balance a 
known load on the machine is thus found 
by actual tost, and tho poise weights aio 
carefully adjusted in accordance with this 
calibration 

Tho rating machine is a carefully constructed 
doad-woight loading ajjpbanco Tho weight 
was produced from standard weights accu- 
rately adjusted at the Bureau of Standaids, 
Washington 

§ (9) Machines with no Weighing De- 
vice — Machines in this class are those m 
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which the load is applied by a fluid press, 
and the stress in the specimen is calculated 
fioin the pressuie on the plunger 

An objection to this method of test lias been 
that errors are introduced mto the results 


Feet 

*9i 



Fig 21 

owing to the variability of the friction caused 
by the ram packing This objection has now 
been overcome, in the machine constructed by 
Messrs Alfred J Amslei & Co , by using oil 
f«s the fluid together with an accurately fitted 
ram and cylinder with small clearance, thus 
eliminating the packing friction 

( 1 ) Amsler Tenting Machine — A 50 ton uni- 
versal machine of this make is shown m Fig 22 


Each installation consists of thiee mam 
paifcs 

(1) The press or actual testing machine P 

( 2 ) The oil pump fox pi educing the pressui e 0 

(3) The pendulum dynamometei D for meas 

uiing the load fiom the oil pi ess 
ure m the pressure cylinder 
(n ) The Press — The pi ess is 
fixed to the top pait of the 
machine, and ihe movable cradle 
canyuig the uppci gups is fioely 
suspended from the lam by two 
xods connected by a crosshcad 
which rests on the top of the 
ram The bottom of the c ylmdei 
of the press is hold ngidly to the 
base of the machine by foui 
round columns, which aie made 
heavy enough to cai i y the super- 
structure and the maximum load 
without deformation 

The base itself does not take 
any of the load applied to the 
test bar T, it is requited merely 
as a suppoit for the machine and 
to raise the working parts to a 
convenient height above the floor 
level It is made m the fonn of 
a hollow iron casting with an 
opening m the front for the re- 
coveiy of the fractuicd tost 
pieces 

The ram of the press is fitted 
m the oylmdei with such pre- 
cision that no collar oi cup 
leather is requited to ensuio a 
sufficiently oil tight/ working 
The small amount of play which 
the ram has m the cylinder 
allows a slight percolation of oil 
to take place between them , 
this makes the movement of the 
lam m the cylinder veiy easy, 
eliminating f notion and allowing 
an exact measurement of the 
total load to be made The lam 
can be rotated by a handle, so 
that by occasionally moving 
it through a small angle the 
formation of ndges, etc , is 
avoided 

(m ) Oil Pump — The press 
is operated by oil pressure pro- 
duced by a high pressure pump 
(0, Fig 22) driven by an electric motor from a 
countershaft (for small machines a hand drive 
can be employed) The arrangement of 
suction and delivery of the oil is such that 
if all the valves are kept closed the oil is auto- 
matically short-circuited back to the reservoir, 
which is earned on the pump stand There 
are also returns for the oil to the reservoir 
from the top of the cylinder due to leakage, 
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tn«l 1<)1 the loloasod oil from under the 

UUll 

Watei pi 0MSU10 may be used to work the 

f machine by making ai- 
i angcments for ti ansform- 
mg mlo oil pleasure for 
u oi king the press 
\ (iv) The Dynamometer 




.4m 


A ppm at us — The measurement of the load 
is made by moans of a pendulum dyna- 


are attached through a ball beamier omnium to 
a short block lever H, which is i^dh "ecured 
to a shaft J mounted m ball-heannss m the 
manometer frame The depression of the 
block H by the pressure causes the heavy 
pendulum B to be deflected until it assumes a 
position of equihbrrum The point of sus- 
pension C of the pendulum can be altered *0 as 
to mci ease the sensitiveness of the machine, 
the connection to the recording gauge bans; 
adjusted at the same time 

The arm and rod A attached to the pen- 
dulum operates a pointer on a dial and the 
dynamometer is also provided with an auto 
graphic recording apparatus R 

As a rule each testing machine is accom- 
panied by a pump and separate dynamometer, 
but it is possible for several machines to u^e 
a single pump, if worked in conjunction with 
an air accumulator, and a separate dvnamo 
meter for each machine 

Tor machines of laige power, 1 e 300 tons and 
upwards, Amsler’s measure the load by the 
extension of the columns which cariy the top 
shackle As these columns extend under the load, 
they are made to operate a piston in a cylinder 
The shapes of the piston and cj Imder are so de- 
signed that a small relative motion hetw een the 
two causes a large displacement of the oil 
which fills the clearance separating them The 
displacement of this oil is made to work an 
indicator wlnchis calibratedm terms of the load 


mornolei I) Tlio 
oil fiom the lugh- 
pTOHHUlO ])Uinp IB 

admitted to the 
sir timing eylmdoi 
thiougfi the dyna- 
mometer ho that 
the actual piosHine 
m the cylinder is 
Hhown by the 
pnmUu winch ih 
updated by tho 
dynamometer 
Tho pendulum 
dynamo motel is a 
modification of the 
dead- weight gauge, 
which ih lined foi 
ealibiatmg i>iohh- 
ino gauges, tho 
pendulum arrango- 
ment being used 
to automatically 
balance tho load 
on tho plunger, as 
nfiown m Ftg 23 




Tho ml pjonRUio ib 

applied to a plunger 1\ which is kept slowly re- 
volving dm mg the tost by the pulley T?/, from 
which it is transmitted to a yoke Y connecting 
two vertical tods Q v The tops of these rods 


§ (10) Torsioh Testing Machines —Many 
universal testing machines of the lever type 
are fitted with a special shackle for applying 
torsional stress, as illustrated diagrammatically 
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in Fig 21, m which the torque is applied by 
a worm and worm wheel A and measured bv 



running the jockey weight B along the lever 
arm 0 It i« usually, however, more con 
Yemen t to use a separate machine, and Fig 25 



Fig 25 

shows a machine of 250 pounds-foot capacity 
made by Messrs J Buckton & Co, em 
bodying the method of test mentioned above 
A neat little 
machine, d e- 
signed by Pro- 
feasor Thurston 
and made by 
Messrs W H 
Bailey & Co, is 
illustrated m 
Fig 26 The test 
piece is placed 
between two in- 
dependent jaws, 
one of which is 
rotated by hand 
through a worm 
and worm wheel 

The twist is communicated through the test 
piece to the other jaw on which "a weighted 
pendulum ’s attached The ‘resistance to 
deflection of the pendulum causes a torque 


| to he applied to iho if si piece, and t Ik's 
angle of the deflection of iho pendulum is 
a measure of that toiquo The lust my <>i 
the test is iccorded duiuuridphually on a 
chart attached to a chum whuli is turned 
to tho jaw which is moved bv (he giai wluol 
The deflection of the pendulum moves a peu< il, 
which is secured to it, ovoi a guide omve 
fixed to the frame of tho mat lime m with a 
way that tho movement perpendicular in tho 
plane of rotation (that is, tho height of the 
curve) is a measure of the torque, while (lie 
length ot tho cmvo is piopoitumal in the angle 
of twist of tho test piece 
The two machines desuibod above aie 
typical of all of the methods employed fm 
toruonal testing machines 

§ (11) TllANSVFBSR TrflHTINO MaOIIINI'N 
Although a transverse testing shackle always 
foims part of a umveisal testing set, most 
testing machine manufacturers supply spin ml 
machines paiticulaily suitable for testing east 
non by cross hi caking These mat limes enable 
cast-iron foundiy bais to he tested id) wily, 

, and give reliable inhumation as to the 
l mechanical piopeiiios of dilfeient mixtures 
Such 1 a machine, supplied hy Messrs W U 
Bailey & Co, Ltd , is shown m Fig 27 It 
is suitable for test bars uj> to 2 m deep, I m 
thick, and 36 m between centres, and has 
a maximum capacity of 1500 lbs An upward 
force is applied to the centre of the beam by 
means of a screw, turned by a hand wheel, lift- 
ing a central shackle The mu lion is taken cm 
the beam by two 
end suppoits and 
also on the lever 
near to the Xul 
crum Tho load 
is balanced and 
measured bv run 
nmg the countoi 
poise along the 




lever while the deflection is obtained from the 

-7— ° f tlle screw wln °h apphos tho load 
» 12 ) Grips for holding Test Bars - As 
much care should be bestowed on the design of 
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Uig gups foi holding the test bars as on any of 
the ollici essential pat is ol the testing machine, 
if at cm ate results aie requited If is ini[)oit 
ant tint these should he so designed that the 
resultant of all the forces acts along the a\is 
of tlio bai, foi, if this is not done, the amount 
of tho ultimate load is affected 
The usual method of cnsunng that this 
condition is fulfilled is by anangmg foi somo 
foi m of spherical or swivelling seating between 





tho test piece and the connection to tho 
testing machine Tho pnncipal objection to 
most of theso seatings is that they have no 
protection fiom dust, scale, 01 othor small 
pieces which are apt to be scattoied by the 
test incce on fracture 

In the 100 ton Buckton machine (sec § (b)) 
laigo liGmisplieucal pieces, H x and 3I 2 , aio 
auangod m the top and bottom holders, and 
to these pieces tho special attachments aie 
fitted foi tost pieces of vauous lands 

( 1 ) Tension Shackle* — Pin Grip 1 , — lhg 28 
shows tho oldest method oi holding tho ends 
of plate specimens A holo is drilled at each 
end of the tost piece foi a steel pm A, and tho 
middle pait of the plate is i educed m section 
Tho lelation of tho size of the pinholes and 
tho size of the 
heads of tho tost 
piece to tho re- 
duced section is 
such that tho 
specimen always 
bleaks in tho re- 
duced section 
This foim of holder 
is one of tho best 
for small spool 
mens, piovidod 
earo is taken to 
onsuro that the 
pinholes are accurately on tho axis of tho 
reduced part of tho test piece, othoiwiso tho 
stiess auoss the soction is not uniform and 
tho specimen tears from the edge where the 
stress is greatest 

(n ) Wedge Gi ips — Tho ordinary method 
adopted for holding specimens of ductile 
materials is between two wedges with roughed 
surfaces, as illustrated in Fig 29, but it does not 
necessarily ensuic that tho line of pull is axial 
In order to obtain tho best lesults with this 


yQy 

V — r-O 




r 


Jest Piece 


JFIG 28 


method the following ] joints must be home 
in mind 

(1) The position of tho wedges m tho head 
and of tho test piece in tho wedges 
Fig 29 (A) shows a sectional view of the 
testing machine head with the wedge grips 
and test piece in position The wedge gups are 
bearing then full length against the head and 



tho specimen is hoaung for the full length of the 
wedgo gups, and this is tho conoct condition 

Fig 29 (B) shows the position of the wedge 
gups when tho specimen is too thin, and while 
tho test pieee beam tho whole length of the 
wedge gups, the wedge gups aie not boannj 
thou full length against tho head In tlm 
caso hneis arc used to keep the wedges hack n 
then proper place, as m Fig 29 (0), althougl 
to obviate tins difficulty most testing machine 
aie supplied with pans of wedge gups suit 
abio for various 
ranges in the 
thickness of the 
plate 

If tho spool 
men does not 
heai foi tho full 
length oi tho 
wedge grips 
(Fig 29, D) 
ihoie is a tend 
oncy, on the 
application of 
tho load, for tho 
end of tho 
specimen to bo 
ciushed and a 
force to bo ap- 
plied to tlie head 
which may split 
it 

(2) Tho tend- 
ency for the 
wedges to grip 
the test pieoo moio on one edge than tl 
other 

This anses if the specimen is thicker < 
one side or through want of pxoper adjustmor 
when tho holders foi tho wedges aio split ai 
separate fiom tho head, as in tho Buckt< 



Anangemcnt foi Headed Specimen 
in ioo Ton Budkton Machine 


Attached to Knife Edge of Leva ‘ 



Sphatloat 
Seating 

H 

Airangemenl fdr Wedge Grips 
in ioo Ton Bucltlon Machine 


. . Wedge Qnpe 
IJf'N Test PtaoQ 


KIU M) 
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100-ton machine (Fig 30) To avoid this 
difficulty Messrs Riehle Bros supply wedges 
with a round face Tn Fig 31 (A), G arc the 
round faced wedge gups contained m the 
shackle S Anothei method for seeming 
proper alignment is a form of hall socket hner 
shown, in Fig 31 (B) 



The Riehle round faced 
wedge grips tor flat or 
plate specimens 


Wedge grips for 
square or round 
specimens 


Tig 31 


Foi louncl oi square ductile pieces the wedge 
gnps aio piovidod with sciratcd V-giooves, 
as shown in Fig 31 (C) 

The ends of the specimen aie usually en- 
larged, as shown m the sketch, but with mild 
steel oi non this enlaigemcnt may he dispensed 
with 

(ui ) Self - aligning Gnps — When testing 
buttle materials or foi accurate experiments 
the alignment of the specimen is especially of 
importance It is usual m those cases to use 
circular test pieces with tho ends bo hi special 



spheucal seated holders Fig 32 shows vari- 
ous methods of machining the test piece and 
attaching to the shackles 
(xv ) Amy 10 ton Shaclles — The arrange- 
ment oi Avery’s 10-ton shacklos is shown m 
Fig 33 The holdoi M is attached to a link 
hanging from tho beam of the testing machine 
by a second lmk This holder consists of a 
foigmg machined to take a spheucal seating A 
on which tho pull of the test piece is taken 
through a tool steel stem B and nut 0 
The stem is screwed at N to take speci- 


men holders of various sizes Two fount, of 
specimen holdei are employed, viz (1) ioi 
headed test pieces I) and (2) foi seiewed test 
pieces E 

The shackle is also auanged for use with 


purpose 


stem, 



Specimen Holder for 
Hcvdcd Test Pieces 


Tig 33 


wedges For this 
seating, and holt 
L are removed 
and wedges are 
msoited, winch 
boai along the 
surfaces FG and 
HJ A handle 
woi ks m tho bear- 
ing K, and is 
arranged with 
lugs which move 
both wedges up 
or down at the 
same time This 
facilitates grip- 
ping of the speci- 
mens and enables 
tests to be earned 
out rapidly 

The top holder, foi connection to the lover, 
is shown m the figure The bottom holder, 
attached to the ram-strammg rod, works on 
exactly the same pnnciple , a slide is, however, 
provided foi it so as to keep it parallel 1 o the 
vertical testing machine guides Both holders 
aie given m the drawing of the testing machine 
m Fig 6 

(v ) L Self -aligning 10-ton ShatU.es — 
The shackles given m Fig 34 were designed by 
the author for tensile testing, more particularly 
for use m experiments foi the determination 
of the elastic limit and elastic modulus They 
consist of a bolt A 
with a spherical 
nut B on one end 
and a holder ioi 
screwed or headed 
test pieces on the 
other The nut 
heais on a sphoncal 
seating O, which 
tits into the shackle 
of the testing 
machine The 
spherical seating is 
kept free from dirt 
by being closed m at 
the top by a plate 
E and at the bottom by a piece of wash leather 
F, which fits round the holt The wash- 
leather, although forming a dust proof cover, 
allows free movement of the nut and bolt 
on the spheucal seating The space m the 
hush is filled with vaseline These shackles 
have been in. constant use and have been 
found to give every satisfaction 

(vi ) Grips for Testing Rope — The gripping 



Test Piece 
Holder 


Test Place 


Tig 34 




ELASTIC CONSTANTS 


135 


ot lopes 01 cables regimes considerable caie m 
order to obtain leliable results , it is nnpoitant 
that the gups should not damage the ends of 



Fig S5 


the rope, otheiwiso fiactuie will occur m the 
sockets 

The tests are more conveniently cai 1 led out 
in horizontal machines, where theie is plenty 
of available length, than m vertical machines 
Serrated wedges (Fig 35) aio used for 
gripping both wire and hemp lopes, and, to 
prevent them from being damaged, wooden 
straps of a suitable thickness and length 
aio placed bo 
tween the grips 
and the i ope In 
oidei to seize the 
lope over a con- 
siderable length 
these special 
wedge grips are 
made very long 
Where only 
vertical machines 
are available a 
satisfactoiy way 
of holding vire 
rope for tensile tests is to use conical dies m 
the shackles and seal the ends of the wire in 
them, as shown m Fig 36, wilh a low melting- 
point alloy The wire is first tightly bound 
with fine wire at about 5 in fiom each end, 
the end strands are then opened, bent ovei, 
and tinned The rope is next set centrally m 


Connected to Spherical Seating 
of Testing Machine 



Tasting Machine 
.Head, 


the dies, with a little hie clay, and a haul 
alloy of lead and antimony xuu m burning a 
solid end 

Foi hemp rope and small cables a method 
which is laigely used is to spheo an eye on to 
each end and lest 
by plating a steel 
pm through the Z/pL 

eye A moi o i c- //)$ fj 

liable method is to 
loll tho on els sound 
specially piepaicd 
helically giooved 
chums and clamp 
them Such tools 
aie supplied by 
Mossis Tmius 
Olsen Testing 
Machine Oo in the 
United States of 
\meuca, oi Allied J 

land), they aie 



U Hooh 


Fig 37 


Amsloi & Co (Switzci- 
costly to build, bul give 
accmato xcsults m testing such mateiials 
(vn ) Gups foi testing Cham tn Tension — Foi 
testing sepai at o chain links ot complete chains 
a piece of slccl bent into U foun is passed 
lluough each oi the end links Tho open ends 
of the U pieces arc then gapped in tho Hat 
wedges used foi testing flat bans (see Fig 37) 
Wbeio it is necossaiy to eauy out a con- 
Biddable amount of chain testing, blocks to 



Fig 38 


suit the vanous sizes of chain are piovided, 
which fit into the heads of the testing machine 
GH (Fig 38) By means of these blocks 
sections of a chain can bo tested under a 
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pi oof load, tins is not possible with the 
U-honk method 

(vm ) Compression Shackles — Spliencal 
shackles for compiession tests are necessaiy for 



stand aids A, A can be adjusted to giadua- 
tions on the beam B to givo chlleient lengths 
of span L 

As tnnhet is not homogeneous, foui point 
loading is usually adopted (Fig 41 ) This gives 
a large span o-vei which the bending moment 
is umfoim and in which the beam thcoietically 



Testing Machine 
Lower Head 

PlG 30 

accurate woik These eitliei xest on the lower 
shackle oi hang from the uppei shaclde of the 
testing machine Care must be employed m 
using any of these airangemonts to ensuie that 
the axis of the test piece is m line with that 
of the beaung blocks and testing machine 
Fig 39 shows a 
ball - beaung block 
ananged to fit the 
upper erosshcad ol 
an umveisai testing 
machine, this tool 
allows fot f ice motion 
in all directions 
(ix ) Trans v&i &e 
Test Tooh — Figs 40a 
and 40 b show two 
types of shackles foi 
transverse testing 
Fig 40a indicates the 
i oiler bolster sup- 

poits and Fig 40b the arrangement adopted 
with the Buoklon veilical testing machine 
In the latter method it will be noted that 
the jiiossiuc is applied m halves, at W x and 


bends m the arc of a circle Fig 42 is a 
photograph of these shackles fitted to a 10-ton 
Buckton testing machine 
The following points m regard to apparatus 
for tiansverse tests should be observed 




W», giving a small central span I) of um- 
foim bonding moment The object of this 
method is to reduce local crushing o± the 
test piece T In both arrangements the 


Pin 41 


Rocking supports should be used at the ends 
of specimens 

Metal plates should be provided, if necessaiy, 
to pi event a high intensity of picssmo undci 
the point of loading or at the supports 

Defloctomolers oi deformetois should not 
be attached close to the points of application 
of the loads 

If deflections are to be obseived, it is ad- 
visable that the rate of loadmg should be such 
that the readings can be taken while the load 
is bemg continuously applied If a stoppage 
is unavoidable, the time mtervals should bo 
constant for the test 

(x ) Shear Shackles — There are two methods 
of applying a shear stress to materials, ono 
by a torsion test and the othei by direct 
shearing or punching The torsion for- 
mula only holds for perfectly elastic bodies, 
and if it is used foi the breaking stress 
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a figure giealer than the real shearing stress 
is obtained 

Various methods for direct shoaL aie m use, 
but with these the shear is always accompanied 



Fig 12 

by a ceitarn amount of bending and com- 
pression 


(xi ) Tetts of Bar 



ancl Plate — Pig 43 
indicates a shear 
test tool for lound 
specimens The 


quinng slight modification to that shown in 
Pig 43 

(xu ) Ted of veiy Thin Plate — An arrange 
ment for shear tests on very tlun plates or 
slices fioni a hai, used at the N P L , is 
shown m Fig 44 The test piece T is 
placed m a die I) having a hardened 
steel facing F A liai dened steed 
plunger P, with a long bearing m the 
die, is placed on the test piece The 
hole m the facing {(If) is slightly lapei 
(tho iiguic is exaggerated), and the 
end of the plungoi (<lf) is made a 
good fit in the hole 
Tho geai is placed between the 
eompiession shackles of the testing 
machine and tho load measured, which 
enables the plunger to push a hole 
through tho lest piece 
If £~the thickness of the test piece 
and W ~ tho load, then the slreai 
stress =- WMit 

(\m ) Test of Timber m Shear (see 
section on timber tests, § (127)) 

(xrv ) Torsion Shari le * — The easiest 
way of holding a tension test piece m 
the testing machine is to have en- 
larged ends, eithci square oi iound, with two 
key ways cut in them {Fig 15) 

§ (13) Calibration of Tfsting Machinfs 
— T he only sati&factoiy method of calibrating 
the i eachngs of a testing machine is by using 
dead loads thiough the full range, such as is 
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specimen A is clamped to a block B and, 
with the testing mac hme adjusted for compres- 
sion testing, tho load is applied to the shearing 
tool 0 Tho test can 
be arranged so that 
the specimonis broken 
m cither single or 
double shear Tho 
dies T), as well as 
the shearing tool, are 
made of tempered 
tool steel ground to 
an edge Provision 
is made for weal of 
the tools, and they 
aie nisei ted in such a 
manner that they can bo easily removed when 
necessary for grinding 

A similar method can be used for flat plate, 
tho form of tho shearing tools and dies re- 


adopted in tho Emory machines, and this 
method from tho point of view of accuracy 
is abovo criticism 

Several devices are used to attain the same 
ends If dead loads aie not directly employed 
venflcation depends on a previous calibration 
of the device used, so that it ultimately depends 
on a dead-load method 

Next to loading by doacl weights the em- 
ployment of calibrating or proving levers is 
tho most acceptable method This arrange- 
ment is shown m Fig 46 The levers L t and 
L 2 , carefully constructed, rest on knife edges 
in a double chan C 3 , which itself rests on the 
weighing table T x of the machine A single 
chair C a is placed on the other knife edges 
and forms the fulcrum of tho lovers , the upper 
shaoklo C 3 of the machine is brought down 
on to this chair A leverage of ten is generally 
adopted for calibrating machines up to ten 
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tons capacity, anrl a leverage of twenty up to 
fifty tons capacity, which is the maximum to 
which tins method of verification is usually 
c amed 

Other methods of checking are as follows 
(1 ) By a standard test bar made of steel 
w hose modulus of elasticity is known by 
previous experiment A test piece is turned 
to fit the testing machine, and of such a size 
that when the maximum load is applied to it 
the limit of proportionality of load to extension 
will not be exceeded An extensometer is 
fitted to the test piece, and readings of it taken 
at various loads shown by the testmg machine 
indicator These readings are then eompaied 
W2th those calculated from the modulus of 
elasticity, and a verification of the testmg j 
machine scale obtained This method is diffi 

llllll Upper Shackle of Testing Machine 
■ < T *> 



cult to carry out except by persons skilled in 
such work 

(n ) With Crushers — -These are cylinders of 
copper whose diminution in length with load 
is known A senes of crushers are loaded in 
the compression apparatus of the machine 
with vanoue values of the load, which are 
noted from the machine indicator The actual 
forces exerted are deduced from the diminu- 
tion of length of the crushers, and these are 
compared with the indications of the machine 
(ill ) By a Senes of Tensile Test Pieces — 
these are made in duplicate and of varying 
diameters, so that the largest test pieces 'will 
take nearly the full capacity of the machine 
They are all turned out of the same bar of 
homogeneous matenal, and one senes is broken 
in the testmg machine to be calibrated, and 
the duplicate series tested under the same 
known™ 3 m a “ acbme w hose accuracy is 
Both methods (u ) and (m ) are simple, but 

aCt ± a 2pi cent° ra *“*" tha “ 

mell in U ? provement °f c°PPer crusher 
method has been suggested by Schule and 


Biunnoi, 1 who used wood in the Iona ol slabs 
of small thickness (2 to 4- cm ) ns tiushciH 
Wood has theunujuc piopcity ol (filming tim 
same resistance to clashing whoihcu (.chted an 
cubes or thin slabs This method dispenses 
with all measurements of deformation which 
necessitate tlio use of instiumeuts efi precision, 
and by selecting wood well dried and without 
flaws, an accuiacy of 1 pei cent can bo obtained 
Messrs Schule and Biutiiioi found that 11m 
wood of Conifeiac is the most mutable owmi> 
to its regular stiuctuic Ktvo oi six pieces efi 
wood of each cross-sectional aiea aio tested 
m a standaid mac lime as w< 11 as m the 
machine which is undci cahbiaticm 
(v ) With a “ Statidtmhsintf lUn ” — This 
an instrument supplied by Messis Allied .f 
J Amsler & Co. foi quick and nee mate cheek- 
ing oi testing nuu limes 
It is essentially a hollow 
test bai whose strains 
under load nig ,u o 
mcasiued by its chnmiu- 
tion oi meieaso m 
volume It is filled with 
more uiy, and bus a lion- 
znutnl capillary tube 1 , 
also ]iftitly (filed with 
moreury, attached to it 
on one side, and a 
mioiometoi, wmkuig a 
plunger m and out of 
the box, cm the ntliw 
side When the mstiu- 
ment is stiessed axially 
the position of the men- 
u , CU1 T m the eapillaiy 

tube is altered owing to 11,e change rn volume 
The positron of tlio moreury is Uuin lostoied 
to the zero position by tho rmeimnotoi Tim 
reading of tho nuciomoter is eabbiatod urnlei 
known loads, and tins cahbiatmn used m 
conjunction with tho standiudismg box to 
check the testing machine 

a,,0V " nr ° 'M'b'K'ublo 
to most testing machines', hut with single levoi 
vertical machines a simple tost can be cm nod 
out^ quickly and accurately m tlio following 

As the load is weighed bv a jockey weight, 

tn ^ t b T ” ° nlY one lovor - JOs only iioccHsiu y 
to venfy the weight of tho jockey and tho si, oil 

mShm5 th ° £ , the levei t0 onsul '« that the 
machine is reading correctly 

(vi) Weight of the Movable Counts poise 

with 7J 1 lT nd by x Wt1 ^ !t imm tko lovor 
with a suitable weighing machine suspended 

from a crane oi, where this is imonvomonl 

way Tusfl I® leV « ^f 11 ’ 111 11,0 ("'lowing 
y Bust balance the beam and adjust tho 

of Testmsf Madmie?” Proc°/JS ar i I »£i*' ll0 f iH'beiltlons 
New York, mi 1 lnt Asm °f Test Mat , 
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veimei to zoio, then hang up a known weight 
from the beam at a measured distance from 
the fulcrum This raises the beam, and the 
comitei poise is run along until balance is 
again lestored 

If W = weight of counterpoise, 
wq = hanging weight, 

?! = distance of hanging weight from 
fulcrum, 

L — distance counterpoise is moved to 
restore balance, 
then W — w x x 1JL 

(vn ) Distance bctioeen the Knife Edges — After 
the beam has been balanced and the vernier 
adjusted to zero, a heavy weight w Q is hung 
m the shackle of the machine and the counter- 
poise moved forward until balance is restored 
If W = weight of counter poise, 

L = distance counterpoise is moved to 
lestoie balance, 
w x = weight hung m shackle, 

/ 2 = knife-edge distanco, 
then knife edge distance ~ L = L x W /w 2 
(vm ) Sensitivity — The sensitivity of the 
machine can he determined by finding the 
greatest weight which can bo hung from the 
shackles without causing the beam to move 
after it has been balanced 
J II Wicksteed 1 found that with a 100- 
ton machine m equipoise, but unloaded, so 
that the dead weight of lever and poise is 
equivalent to 6 tons on the knife edge, a pull 
on the shackles ap jibed through a silk thread 
breaking with a load of 3 or 4 lbs is sufficient 
to raise the lever arm through its whole arc 
(ix ) Zero Error — Care should bo taken to see 
that the zero of the machine is m adjustment 
before commencing a test 

II Elongation and Contraction of Area 
§ (14) Ductility — For workshop use a bend 
test gives much information as to the ductility 
of a material, and requires very little special 
apparatus to carry it out The usual measures 
of ductility, however, aie the ultimate per- 
centage elongation or conti action of area at 
fiacture m a tensile test 

(15) Distribution of Elongation in the 
Test Bar — If a test piece of ductile material 
is maiked out m one inch lengths and then 
tested m tension, it is found that it breaks 
with a nock or waist, and that the increase m 
length of the section including the neck is con- 
siderably more than at any other point along 
the bai Observations for some bars are given 
m Table 1, and results from them are plotted m 
Fig, 47, where the stretched lengths are plotted 
as oirlmates and the original distances along 
the bai as abscissae The resulting curve is 
seen to consist of two parallel branches con- 
nected by a S curve, and it will be evident 
1 Proc Inst , Mech Eng , 1888, p 454 


fiom the curve that the veilical distance 
between the two parallel branches is the local 
extension due to the necking of the test piece 
In Fig 48 the same icsults are plotted m 
another way The increases m length m each 



Distance of Gauge Marita along Test Bar 
(before teat) in Inches 

Fig 47 

inch aie plotted as ordinates at the centie of 
each inch length and connected by a curve 
It is seen that the late of elongation at the 
Xractuie is very largo, and that the ciuve is 
neaily symmetrical 

From the figures m Table I the percents go 
elongations on vanous gauge lengths can bo 



Fig 48 

calculated Taking the fracture as near to 
the centre as possible, these results are given 
m Table 2 and are calculated as follows , 

If the original gauge length =L X , 
the final gaugo length =L 2 , 

the elongation = L 2 - L 1? 
and the pel cent elongation = IG0(L 2 - I -D/Lj, 
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It will be evident fiom the table that the 
peicentage elongation is dependent tipon the 
gauge length, decieasmg as the gauge length 
increases, and that for strictly comparative 
results the same gauge length should be 
adopted ±01 bais of the same diameter Also, 
for stuct comparability, the position of the 
fracture should be the same in each bar If 
the bar breaks near to the end of the gauge 
length the percentage elongation is low The 
formula for calculating the erior involved has 
been expressed by Unwin 1 as follows 

“ Let e x lie the percentage of elongation m a 
gauge length L + 2N, and e 2 the elongation m 
a gauge length L~ 2X, the fiactuie being at 
the centre m both cases Then the elongation 
in a gauge length L when the fiacture is at 
X fiom the centre is e = }(e x +e>) ” 

The results m Table 3, taken fiom Unwin’s 
paper, show the magnitude of the error 
Unless the gauge made is in the pait affected 
by the local oonti action, the effect on the 
percentage elongation is small 
§ (16) Barba’s Law (Elongation oe 
Geometrically Similar Test Bars) — The 
law connecting the elongation of geometrically 
similar test pieces was hist given by J Barba 2 
in 1880, who observed that similar test bars 
deform similarly If follows that, for cylindri- 
cal specimens, if the ratio of gauge length to 
diameter is constant, the percentage elongation 
is also constant This is shown clearly by the 
results on a mild steel and medium caihon steel 
given m Table 4 

Unwm says 2 that “ m plate tost bars, not 
strictly geometrically similar, the pei cent age of 
elongation is practically constant, if the ratio 
of gauge length to square root of cross-section 
is constant The form of cross-scetioii within 
somewhat wide limits, if the area is constant, 
does not appeal to influence the elongation ” 

§ (17) The Elongation Equation (i ) 
Variation with Gauge Length — The elongation 
of a test bar is made up of two parts 

(a) The general extension, occurring befoio 
the maximum load is i eached, which is approxi- 
mately uniformly distributed along the bar 
and therefore proportional to the gauge length 

(b) A local extension independent of the 
gauge length occumng after the maximum 
load has been reached 

If L=the gauge length, 
e=the total extension, 

then e~a + bL , where a and b are constants, 
the former foi the local extension and the 
lattei for the general extension 

The percentage extension 

= 10Ox£=lj^(cM 6L) = 100 (“+&), (X; 

1 “ Tensile Tests of Mild Steel,” Inst Civ Eng 
Proc , 1004, civ 175 

8 JUiba’s law, sec Unwm, “ Tensile Tests of Mild 
Steel,” Inst Civ Eng Proc ^ 1004, civ 170 


i e the percentage extension foi a given 
sectional aiea deoi eases as L is increased 
(u ) Vanatwn with C) 06 s section — Only the 
local extension is affected by the cioss sectional 
dimensions of the test piece, i e the term a 
m equation (1) 

Since the local contraction is proportional 
to the hneai dimensions of the cioss section, 
and the extension is not affected by the foim 
of the ci oss- section, 

a=cj A, (2) 

where A —the cross sectional area, 
c =a constant , 
i e foi dissimilar test bais 

% elongation = 100^= 100 + ^ (3) 

This formula is tiue provided 

(a) Tlie gauge points are not too close to the 
enlaiged ends of the test piece 

( b ) The length L is not so shoit as to fall 

within the area affected by the local 
conti action 

Equation (3) is m agreement with Baiba’s law 
for similar test pieces that, when similarity is 
maintained, tho percentage elongation is 
constant because, m that case, -\/A/L, and, 
therefore, e becomes constant 

Unwm 3 gives the following method of least 
squares for calculating the values of b and c, 
m the elongation equation, from a senes of 
observations 
This equation is 



For simplicity, let \^A/L=a, and suppose the 
elongations have been observed for n gauge 
lengths Then the most probable values of 
the constants are given by the equations 
„ _nZea - 2e2a 1 7 _ Se2a 2 - 'Zoct'Za 

and b ~ n2a‘- (i,«) a 

Applying these results to bar 84 (Table 2), 
whose diameter = 1 000 m and area =0 7854 
sq m , and percentage elongation on 
3" = 41 0 6* = 318\ wo have 

4"=:365 7 // =30 1 1 \'A = 0S8G3 
5"=34 0 8 // =28 8 J and » = 0 


L 

e 

il 

MM 

e 

ca 

a* 

3 

2954 

410 

12 110 

08724 

4 

2216 

36 5 

8 088 

04910 

5 

1773 

34 0 

6 027 

03143 

6 

1477 

31 8 

4 696 

02181 

7 

12C6 

301 

3 810 

01603 

8 

1108 

28 8 

3 191 

01227 



1 0794 

202 2 

37 922 

21798 


3 “Tensile Tests of Mild Steel,” Inst Civ Eng 
Pror , 1904, civ 233 



ELASTIC CONSTANTS 


141 


Tabit* 1 

EXTENSIONS ON X INCH LENGTHS AP DlJ-J-ERLNT DISTANCES IROM r lirJ3 FrVC 1URL 


No of Tost 
Ihece 

Diameter 
of Test 
Piece 
Inches 

Yield 
Stuns 
Tons/bq In 

intimate 

Stress 

Tons/S q In 

Extension m Indies m each Inch 
along the Bin 

Total 

1 txteiiMon 
m Inches 

0-1 

1 2 

2-3 

3-1 

4 r > 

5-6 

0-7 

7-8 

OJL 

1 OOO 

22 9 

47 1 

08 

10 

20 

23 

12 

10 

12 

11 

1 08 

7L 

0 009 

14 6 

22 0 

15 

15 

22 

48 

28 

20 

18 

18 

1 84 

84 

1 000 

10 3 

29 9 

20 

24 

37 

m 

27 

23 

21 

19 

2 30 

02 

1 000 

15 2 

24 7 

«! 

29 

36 

78 

31 ! 

26 

1 21 

20 

2 67 


(Tlio fracture was included between 3 4 m each case ) 


Table 2 

PERCENTAGE E\ PENSION ON DlFIERFN P OAUUJ* LENGTHS {iNCLTTEING FRACTURE) ON 1 INOII 
DrAMETEit Bars Sle Table l 


No of Test 

Piece 

Gauge Length in Inches 

3 

4 

5 

G 

7 

8 

94 

18 3 

16 2 

15 0 

14 3 

13 9 

13 5 

71 

32 7 

29 5 

20 6 

25 2 

23 7 

23 0 

84 

41 0 

36 5 

34 0 

31 8 

30 1 

28 8 

92 

48 3 

43 0 

40 0 

37 2 

35 3 

33 4 


Table 3 

Eiongatton Percentage in 8 Inches when tiie Fracture is not at the Centre of hie 

Giuge Length 


No of Bar 

Distance of Fracture from Con tie of Bar in Inches 

0 

1 

2 

3 

4 


Fracture at 




Fine Lire at 


Conti e 




Gauge Point 

2361 

29 2 

29 1 

28 9 

28 1 

23 5 

2362 

29 5 

29 0 

29 5 

29 1 

23 9 

2363 

29 8 

29 7 

20 8 

29 2 

24 4 

2364 

25 3 

25 3 

25 3 

24 4 

20 2 

2365 

29 0 

29 0 

29 0 

! 28 5 

24 1 

2390 

26 7 

26 6 

26 6 

26 C 

23 2 

2391 

30 5 

30 5 

29 7 

i 28 3 

| 23 5 


Table 4 

Tests on Similar Test Pieces 


No of Test 
Piece 

Diameter of 
Test Piece 

D Inches 

Gauge 

Length 

L inches 


Yield Stress 
Tons/S 9 In 

Ultimate 

Sticss 

Tons/Sq In 

Extension 
Per cent 

lie duet ion of 
Area at 
Fiac turo 

Per cent 

B10D 

550 

46 

8 36 

28 41 

61 09 

17 4 

38 4 

B10E 

420 

35 

8 33 

28 88 

51 27 

17 2 

37 5 

B10F 

330 

2 72 

8 24 

29 01 1 

51 70 

16 8 

40 8 

A9D 

550 

46 

8 36 

21 26 

26 52 

33 2 

70 4 

A9E 

420 

3 5 

8 33 

20 51 

26 27 

32 8 

08 7 

A9F 

330 

2 72 

8 24 

21 06 

26 90 

32 2 

67 8 
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(2a) 2 = 1 105, 

_ (6 x 37 92) - (202 2 x 1 0794) 
(6 x 2179) -1 165 

. _ (202 2 x 21 79) - (37 92 x 1 QT9) 


= 65 { 


=22 1 , 


(6 v 2179) - 1 165 

and therefore the elongation equation for this 
bar of material is 

§ (18 ) Contraction' or Area at Fracture 
— If a is the initial area of the test bar and 
A the area at the point of fracture, then the 
reduction of area is equal to (a -A) and the 
peicentage reduction of area = 100 x (a - A) /a 
If the material is peifectly plastic the per- 
centage contraction of aiea is equal to the 
percentage elongation where the lattei is 
calculated on the final length of the test bar, 
fe 100 x (a - A)/a~100 x (L 2 - L x )/L a (L x and 
L 3 are the initial and final lengths respectively ) 
The proof of this is as follows 
The volume of the test piece is assumed to 
be constant therefore 

L x x n=L 2 x A 
cu 

a V 

subtracting each from unity, we have 

l-- = l-£i 
a L a 

or 

a Lo 

The agreement between elongation and con 
ti action of area is only for the short pait of 
the specimen where there is plastic deforma- 
tion, and it does not apply to greater lengths 
Professor Elliot 1 has given a method of cal- 
culating the constants b and c of the olongation 
equation (e^c^A/L^-b) when the elongation 
is only known on one gauge length together 
with the contraction of area of the test bar 
The method depends upon the assumption 
of a value for the ongmal length of the 
conti acted region Taking this as m*J. A, 
Elliot found that m varied from 0 9 to 2 0,* 
and adopting the value of 1 37 he obtained 
very fair agreement with results previously 
published by Unwm 2 

III Procedure in ordinary Commercial 
Testing 

Commercial testing is undertaken primarily 
to ascertain if the material is of the quality 
required by a specification These mspec- 

S? 1 #? 0 ? Constants of the Elongation 
1904 olvm ““ ArCa ” hlSt ° W ** 

Pro C “uofclv e i75° f Steel ” Gw 


tion oi leception tests have to be made 
quickly, and are principally directed to gning 
indications of the strength and ductility of 
the material 

§ (19) Preparation and Selection of Test 
Pieces — The test pieces must be selected so 
as to give a reliable indication of the matcnal 
as a whole Sampling is mheicntly impel feet, 
and is therefore apt to cause difficulties 
Samples should always be taken and stamped 
in the presence of an inspector acting on 
behalf of the purchase!, and tlioio should 
be safeguards to avoid heat treatment m 
other manipulation aftoi selection 
The number of tests should bo specified, 
and, m order to cover enois which aie likely 
to arise, limits should bo allowed on I lie test 
results, and jhovisioii made for 10 test if 
necessary A usual clause is that, should the 
test piece fail to confoim to the specification, 
the contractor shall have the opportunity of 
two further samples being selected by the 
inspector and tested at the manufacturer's 
expense Both of those samples must pass m 
order for the consignment to be accepted 
Test pieces, if to be taken from a sample, 
such as a tyre, axle, crank-shaft, etc , should 
be cut out by cold sawing or dulling, and sub- 
sequently prepaied by milling, turning, ox 
planing Should shearing be unavoidable, care 
must be taken to ensuro that the maleual is 
not bent, and that the sheared edges aie 
entirely removed before testing Cutting by 
oxyacetylene blowpipe should not be allowed, 
as it alteis the structure of the material foi 
from 2 to 3 in from the cut 
Iron oi steel plates are usually tested both 
m the direction of rolling and across it, and 
with cast iron spocial bars arc made from each 
cast for trans voise test For some materials 
special bars form part of the casting and aie 
afterwards out off for testing, but it is usual 
to specify the position of these bais and 
whether they are to be sand or chill castings 
Foi special tests some form of heat treat- 
ment, such as normalising, annealing, oi tem- 
pering, may be required 
Annealing means reheating followed by slow 
cooling Its purposes may be either to romovo 
internal stresses and induce softness, or to 
refine the crystalline structure In the latter 
case the temperature used must exceed the 
upper critical range, but not moio than bv 
50° G J 

Normalising means heating a steel (howovor 
previously treated) to a temperature exceeding 
lts^upper critical range (but not more than by 
50 C ) and allowing it to cool freely m au It 
is desuable that the steel should soak at the 
required temperature for about 15 minutes 
Hardening means heating a steel to its 
normalising temperature and cooling more or 
less lapidly in a suitable medium, such as 
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Let, an, or oil Tempoung is to leduce llie 
dness and increase the toughness, and is 
ned out by heating the steel (however 
viously hardened) to a temperature not 
'ceding its carbon change point 
(20) Tension Tests — The data ordinarily 
solved in a tensile test for reception pui 
les is 

Yield load 

Maximum load 

Elongation after fracture 

Contraction of area at fractuie 

I (21) Yield Point and Elastic Limit — 
ry often there seems to be confusion as to 
ictly wliat is meant by the elastie limit and 
$ yield point It is a common piactico foi 
31 elastic limit to be specified when what is 
Lually required is the yield point The actual 
stic limit can only bo obtamed by the use 
delicate stram-measurmg instruments (soe 
02)) , the yield point is slightly higaoi than 
b elastic limit, and is tho point at which 
ore is an increase m the extension without a 
rr espondmg increase m the sti ess This point 
curs m w rought non or 
Id oi medium carbon 
>el, and is usually well 
irked With hard steel, 
onze, and most alloys it 
non-eustent, the late of 
tension with load m- 
sasmg aftei the elastic limit without any 
dden jump 

Eor commercial testing tho yield stress is 
p load per unit area at which there is a 
dden visible increase m the extension 
tween the gauge marks on tho test piece, 
it may be taken as tho stress at which the 
am or indicator distinctly drops when the 
ad is applied at a uniform rate 
The author prefeis to recoid that “theie 
as no yield point ” m cases where these 
mditions are not observed, but, as some 
>ecifications require an arbitrary yield point, 
is taken at the point at which the test 
cce extends approximately 1/200 of the 
luge length With a 2 inch gauge length 
us, for piactical purposes, is the point 
here the dividers, when set at 2 inches, 
ist fail to “ feel ” the gauge mark 
Johnson 1 proposes that <c in view of the 
ifficulty of determining the true elastic 
mit an apparent elastic limit ho taken as the 
uni on the stress strain diagram at which 
le late of deformation is 50 per cent greater 
lan it is at the origin Under this definition 
le apparent elastic limit would piactically 
ir respond to the yield point m materials 
wmg such a point and would give a reason 
ole value for such materials as cast iron, ot 
aid steol, for which this diagram shows a 
1 Material s of Construction , 1018 edition, p 10 


very gradual curvature away from the straight 
line Such a criterion has muck moiit and 
would accomplish the following results 

“ (i ) It w ould always fix one and the same 
well-defined point 

“ (n ) This point would always correspond to 
so small a permanent defoimation as to he, for 
many piactical pm poses, tho tiuo elastic limit 
“ (m ) It is equally apphcablo to all lands 
of tests, whether on specimens or on finished 
members or structures, wheie deformations 
of any land can be correctly measured 
“ While tho 50 poi cent increase m tho rate 
of deformation is puiely aibitiaiv, it is not 
laige enough to fix a point having an appreci- 
able permanent set, but it is laigo enough to 
fix a well defined point on tho stress strain 
diagram ” 

Unwin, 2 however, says that ££ such a point 
has no significance,” also “ that the attempt 
sometimes made to define arbitrarily a yield 
point for matenals which have no distinct 
yield point, and, often as manufactured, no 
elastic limit eithoi, appeals to lum to he 
useless and misleading ” 


It is convenient, whore a considerable 
amount of testing has to bo done on the same 
size of teat piece, to use a simplified exten- 
sion measurei applied to the test piece instead 
of dividois G II Robeits 3 describes and 
illustrates an instrument of this land m which 
the extension of the test piece is communicated 
to tho pomtci on a dial One division on the 
dial indicates a movement botween tho jaws 
of 0 001 inch The yield point is seen 
quite definitely it it occius, or the load for an 
extension of 1/200 of tho gauge length can bo 
also noted with fair accuracy 

(Japp’s 4 multiplying dividois answer tho 
same purpose They are lllustiatod m Ihg 
49, and consist of two arms 80 pivoted that tho 
motion of tho points m whi< h tho short arms 
terminate is multiplied about ton times at 
the scale and pomtci forming the ends of the 
Jong aims To uso the instrument tho points 
of the dividers are placed m tho eentie punch 
marks on tho test piece and hold fumly m 
placo when the load is applied Tho pomtci 
mo\es across tho scab slowly until tho yield 
point, when a suddon and marked increase in 
tho rate is observed 

§ (22) The Maximum Load — An autographic 

3 Testing Materials of Construction , 1910 edition, 
p 20G 

3 “ Engineering Besearch Inst Mech ling 
Proc , .Tuly 1913 

4 Proc Amer Soc Test Mat , 1907, vn 624 
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stress strain diagram shows that, With a test 
bar which “nocks” before tiaetuie, the actual 
load necessary to break the test piece at the 
neck is less than the maximum load on the 
bar before the reduction of aiea takes place 
Nevertheless, the stress obtained by dividing 
the breaking load by the reduced area is 
greater than the stress obtained by dividing 
the maximum load by the original area of 
the bai, which is the figure required by 
specifications 

The terms breaking stress, maximum 
stiess, and ultima to stiees aie applied indis- 
criminately to indicate the maximum load 
divided by the original aiea which is desired 
by specifications It is obviously not the 
maximum stress, although it is calculated 
from the maximum load As the term 
breaking stress is also liable to be mis- 
understood the author piefers to call it the 
ultimait stress 

§ (23) Pi rcentage Elongation Aim Con- 
traction oi? Area —In specifications the 
elongation and contx action of area are re- 
quired m oidei to obtain a measure of the 
ductility of the material. Both are em- 
pirical values, and the formei, 
as has been shown m § (17), 
is dependent on the cross 
aectron of the test bar and 
the gauge length It has 
been suggested that the per- 
centage general extension instead of the per- 
centage total extension should be adopted, 
as tins is independent of the form of 
test bar It would, however, complicate 
the calculation of tiro results, and owing 
to the general adoption of the other method 
of expression would doubtlessly cause con 
aider able confusion 

The general extension, if it is required, is 
obtained eithoi 

(i ) From an autographic diagram, as the 
extension cat maximum load, ve before the 
necking of the test piece, oi 

(u ) From tho measui email of the elongation 
on two-gauge lengths on tho same test piece 

Thus if c L = elongation on gauge length Lx- 
elongation on gauge length L 2 , 
a “total local ox tension, 

B=thc general oxtonsion por unit 
length, 

then <*!_=• BLjH a, 

e,=BLj~i a, 

and tho goncial extension per unit length 


B = 


0 21 , 


a= 


3 45 


=0 69 , 


237-1 *2_105 
: 8-3 5 

(1 32x8)- (2 37x3) 

8-3 

i e general extension = B = 21 per cent 

§ (24) Measuring the Extension — The 
gauge length xn ordinary commercial testing 
is mo iked on the bar before it is tested, by 


a 




Fig r >0 — jtoublt Outre Punch 

means of either a double centre punch (Fiq 50) 
oi a laymg-off and ])ei cent gauge (Fiq 51) 
It is, howovoi, neaily as convenient and almost 
as quick to uso a pair of dividers set to 
the collect gauge length It is neeessaiy to 
have £ a vee block to support the test piece 
during the marlang-off process 
As long as the fractuio is not less than a 
length equal to the squaie loot of the area 
inside the gauge mark the measure of tho 


nn pi)iiiqiT i T | trnnii t fiH | t i »ipnpin | / — / — / / / / — y — r~ 

40 30 20 10 \J\J\J\J\J\j\J\j 


Fig r >l — Laying elf mil pei cent Gauge 

elongation is usually accepted as satisfactory, 
% e 0 5 inch foi a test piece of 0 25 sq m area 
or 0 7 meh foi a test piece of 0 5 sq m area 
Sometimes it is specified that u should a 
i ensile test piece break outside the middle 
half of its gauge length the test may, at tho 
eontiactor’s option, be discarded and anothoi 
tensile tost shall be made from the same bar, 
billot, sheet, forging or drop forging ” The 
middle half is defined as shown in Fig 52 
§ (25) Method oe reporting Results — It 
is dcsnablo that the results should be reported 
in such a 
manner that 
tho informa- 
tion can be 
assimilated 
as easily as 
possible It 
adds gieatly 


= B- 
„ 6 lI J 2 


3j 2 — ■ Lj 

-fb, 


L a \\ 

e n with a 30-ton steel, diamotci.=l 000 mob, 
Extension on 8" =2 37 mchos (29 0 per cent) 
Extension on 3 " = X 32 inches (44 0 pei cent) 



FIG 02 


to the facility with which the lesults can bo 
compared and scrutinised if the foi m of lopoit 
is always in tho same style Tho following 
pomts are also worth consideration 

(1) The report should contain as far as 
possible tho actual observations 

(2) The heads of information which arc 
purely observational and those which have 
been reduced by calculation should, be kept 
separate It is convenient to have the latter 
on tho nght-hand side of the form 
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A typical foim foi tensile tests is <41 von in the bat tested under tension, <i concent nition 
Fiq 53, together with the results of a few of stiess is caused «it the bottom of the 
tests Tt is seen that the mfoimation which gioove ot notch which is thus f mined, while 


Rlpobi — Tensile TrsT of Material caiiuild ocr on Boulii Pl\te suirru n by 
A Brown & Co, Lrn , tor whom the Tests were madi 



g 

Oi ifc,mal Dimensions 


T3 

IMmoiiHiona at 1-mctmo 




t 


0 

A 

H 

P 

M 

Gauge Length 
Indies 

2 

0 a, 

n 

P 

Q 


Yield Loan 
Tons 

P 

as 

P 

1 

Extension 

Inches 

Distance or 
Fracture irom 
Gauge Mark 

Dimensions 

Inches 

f? Cf 
m 

4a a" 
win 
•a m 

a I 

" 0 . 

.Jo 

i 0 

!i 

s* 

Reduction of 
Per Cent 

Hem 11 lea 

1201 

UE1 

2 

563 

24S9 

3 1 

0 57 

07 

10 

305 

1225 

13 7 

21* 40 

315 

50 b 

1 Slightly laminated 
{ h ictuie 

1202 

TJE2 

0 

563 

21b0 

3b 

7 is 

02 

11 

880 

1131 I 

15 3 

28 85 

no 

514 


1203 

TJE3 

2 

563 

2180 

40 

6 77 

02 

11 

370 

1075 | 

10 l 

27 20 

310 

5(i S 



Fig 5 5 


is ultimately required is given in the last five the shoulders formed hy the gioovo prevent 
columns fiee elongation of the metal 

Example, of Ted Recoid and Calculation of In a inatonal which extends very little, an 
RaiUltS ' — abiupt change of section will lowei the 


Tensile Ti st on Boiler Plate for A Brown & Co, Lrn 
Material received July 30, 1920 


.. 

1 

0 

3 

Test No 

1201 



Identification marks 

UE1 



Gauge length 

2" 



Dimensions of test piece 

0 50 V diam 



Gross sectional area of test piece 

0 2189 sq in 



Yield load 

Yield stiess 

3 1 tons 

3 1/0 2489 

1 1 7 tons/sq 111 

Maximum load 

Ultimate stress 

0 57 tons 

0 57/0 2480 

2(> 40 lons/sq in 

Elongation 

Distance of fractuic from gauge 

0 07" 

} 1 O' 

(0 07/2) 100 

33 5 per cent 

mark 



Dimensions at fractal 0 

0 395" diam 



Area at fracture 

0 1225 sq m 

2489- 1225 


2180 


Reduction of area at fracture 



50 8 pei cent 

Remarks 



j Slightly lamina Led 
\ fraction 


It. will he noted that, with the exu ption ot the oiigmal aiea, the observed values are given iti ( olumn 1 and 
the calculated figures m column 3 This method simpliiies the taping of tin* report as given in Pig 53 


§ (26) Forms of Tensile Test Bars — It is breaking load, while with a ductile imitcual 
shown by experiment that the form ot the the suppression oL the local di awing- out 
tensile test piece has an influence on both the gives an meieaned tensile stiess 
elongation and the stiength The influence of the gauge length on the 

The elongation with ordinal y test bars is percentage elongation lias been discussed m 
measured on a gauge length of uniform § (17) 

section The effect of the enlarged ends is On account of the consuleiations stated 
to reduce the local drawing-out of the material above, it is essential that do (mi to types ol 
The parallel part of the test piece is tlieiefore specimen should be specified fox eommeiual 
always made somewhat greater than that on tests, in which the losults ol the tests 
which the elongation is measured If the decide whethoi ilio material is to bo ae- 
length of the pax all el section is reduced so eeptod 

as to form an abiupt change m cioss -section of As a result of the work of Baihti, the Ft 011 th 


VOL 1 


L 
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Commission recommends the adoption of the 
relation 

L 2 ~66 67 A 

or L~7 2D for circular specimens, 
where L=the gauge length, 

A— area of cross section, 

D= diameter of the test bar 
The German Commission recommends the 
use of the relation 

L-113\/A 

or L — 10D foi cncular specimens 
Thus while, -with a test piece 10 mm 
diameter, a gauge length of 72 mm is recom- 
mended m France, a length of 100 mm is 
adopted m Germany 

Owing to the practical difficulties m the 
way of adoptmg a varying gauge length for 
different cross-sections of test piece cut fiom 
plates and other rolled sections, fixed standards 
for cylindrical and flat specimens have been 


was published A standard width of 2 inches 
was used foi convenience in millm^ , tins gavo 
a cross sectional aica varying with dideient 
thicknesses of plate, and thus disregarded tho 
efiect of the cioss sectional aiea on the poi- 
centage elongation 

In older to overcome tins difficulty tho 
BESA standardised test bais having a fixed 
gauge length of 8 in and a width vai ymg with 
the thickness of tho plate In oidoi to lesson 
the cost of production, three widths only wore 
chosen, viz 


Thickness of 

Width of Test 

Gauge Length 

Plate 

Bar 

Inches 

Inc lies 

Inches 

Undei l 


a 

} w 

2 

8 

Ova £ 

n 

8 



B E S A Standard Sizes of Test Plates for Plates 



d 

1 ° 

P 

P 

l 

s 

rrr 

l-e 

D 1 

Do 

0 977 

<3 sO 

4 00 

5 

8 

I SB S IV 

6 25 

8 

i 25 

7 75 

0 798 

3 00 

3 375 

4 

5 5 

I25BSW 

5 25 

6 5 

1 0 

7 5 

0 564 

2 00 

2 25 

3 

4 5 

0 7 5 QS F 

4 25 

5 25 

0 75 

7 25 

0 3 58 

1 25 

7 50 

2 


0 5QBS W 

- 

- 

- 

- 

0 725 

0 443 

0 625 

0 87o 

Tj 5 

0 BA 

- 

- 

- 

- 


Radius r should be as targe as is consistent with 
the other dimensions 


x These are B E S A Test Pieces 
Standard Forms of Cylindrical Test Bars 

Fig 54 


prescribed by the American Society for 
Testing Materials (A STM) and the British 
Engineering Standards Association (B E S A ) 
The sizes selected by the B E S A are given 
m Fig 54 Those adopted for cylindrical test 
bars of forgings {Fig 54) approximately 
satisfy the law of similarity, where 

L=4\/A, 

viz 


| § (27) Enlarged Ends of Test Puaojas 

(l ) Tensile Tests — Tho design of tho enlarged 
I ends of test pieces requires caio m older io bo 
sure of satisfactory results It lias alieady 
been stated that axial alignment of tho test 
piece is necossaiy foi accurate work and that 
this is best attained by the use of spherically 
seated holders 

For brittle materials it is essential that tho 
transition from the parallel part of tho tent 
piece to the enlarged ends is giadual, and that 
any part of the enlarged ends which is am owed, 
oi otherwise has a sharp cornei, is sufficiently 
large to pi event fracture at that place Foi iuh 
of ends for turned test pieces of cast materials 
are given m Fig 55 

Test pieces maybe tapered msido the gauge 
length towards the centre, to an amount not 
exceeding 0 003 m foi turned tost pieces 
and 0 01 m for sheets oi plates, m order 
to induce fiacturo neai the conti o of the gauge 
length If this is done tho middle half of tho 
gauge length of the test piece should be par a I lei 

(n ) Compression Tests on Metals — With the 
more plastic metals there is no woll-dehned 
point of break-down under compression, and it 

S'/I* Radius 


BSW ^ 
threads 

Test Piece for Screwed Grips P^ttnah 



'3H Radius 


Diameter 

Inches 

Area in. 

Sq Inches 

Gauge Length 
Inches 

0 564 

0 250 

2 

0 798 

0 500 

3 

0 077 

0 750 

3* 


For plates, both 10-iuch and 8-inch gauge 
lengths were in use before the B ESA standard 



K 8 f> ar more - 

Test Piece for Wedge Grips 

PIG 55 


is usual to record the compressive strength 
at a gi\en unit of deformation The values 
which are obtained m this way aie only 
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compaiative and do not give results which can 
he used as a bans for calculating sizes ol 
htiuctuics 

With buttle materials the ultimato stiess 
can be obtained with precision, and the 
Jesuits aie of value foi calculating sizes of 
compression members 

For metals the test piece is usually a 
cylinder whose latio of length fo diamoter is 
two 

It is important, especially with buttle 
matenals, that a splieucal seated shackle 
should he piovided m older to adjust foi 
macciu.icy oE Hie paiallehsm of the shackles 
Afoimof shackle is shown 111 Fig ‘19 (Jaie 
should be oxem&cd to ensuie that the pi css ure 
is applied axially 

§ (28) Quality Factor — Various cmpmcal 
means of estimating the quality of the m atonal 
from the icsults of the tensile test have been 
suggested They combine the tensile stiongth 
with either the percentage of elongation or 
percentage contraction of area at fiacturc 
The only factor winch has been use <1 to any 
large extent m this country is a modiheaLon 
of one suggested by Wohlu 

Wohler’s quality factor -p -j ", 
and tho modified factor ==p -| p , 
whore p=-tensilo stiength, 

e— per coni elongation, 
c=pcr cent contraction of aroa 

A quality factor must bo used with caic, 
hearing m mind tho use to which tho material 
is to be put 

t) (29) Bond Tests — A lough workshop test 
of tho ductility of metals is gi\cn by the bend 
tests of various types which aio now m common 
use Tho test is made by bonding a piece of tho 
material either by steady pressure or hammoi 
mg, the foimci giving the mm o eonemdunt 
icsults, until an angle of 180° is i cached or 
previous luptuio takes place Til the latter 
case tho angle is noted at which fraction oeems 
on the outside of the bend A largo amount 
of experimental work has been earned out by 
Mi Bornaid Fnth, 1 but tho test has not been 
so eaiefully standardised as the tensile test 
The test is also used foi aseeitammg tho 
ellect of punt lung and drilling cm tho ductility, 
by using poifoiated plate specimens wilh the 
hole m tho centre of the plate Tho diamefei of 
the hole, as recommended by Martens, should 
bo twice Lho thickness of tho plate and the 
width of the specimen five times its thickness 
4} (30) Kinds of Bend Test — The principal 
types of bond test in use are 

(i ) Gold bend test (as received) 

(n ) Cold bend test (annealed) 

(m ) Qucnc h bond test or temper bend tost 
(iv ) Hot bend test 
(v ) Nick bend test 

1 Ind Civ Eng Proc civ 254, 


(i ) Cold Bend Ted — Tins is the typo y 
is most commonly used and is earned out a 
normal tompciature To test tho ductility 
at low temperature tho test pieces are some- 
times cooled artificially 

(li ) Annealed Bend Test — For tho annealed 
bend test the material w, previously 1 o bending, 
icheated to a temper atuie exceeding its uppei 
critical range, followed by plow cooling Tho 
steel is usually vciy bad il it macks alter 
annealing 

(m ) The one nth bend lest is used foi dctei min- 
ing tho cllect of altei nations ol high and low 
tcmpeiaUiro on the ductility on such materials 
as boilci uvet stool and stay-bolt non Befoio 
applying the bond test the m aloud is heated 
to blood -led and plunged into water at a 
temperature of 80° F The colour is judged 
mdoms m tho sliule 

(i\ ) The hot bendinrj ted is specified to detect 
led shortness 
or high sul- 
pliui content 
Tho material 
is bent while 
at a tempera- 
tine of about 
950 to 1000° 

0 

(v) The 
tnt led bend 
test is in- 
tended to 
show whether 
tho material 
has a eiystal- , 
lino oi fibrous A 

s t r u o t u r o Testing Machine Table 
The test piece Pig fiO 

1 1 nicked all 

i mind, before bending, with a tool having a 
cutting angle of 00° The depth ol tho notch 
is 8-10 per cent ol tho diameter of tho test 
pioeo The test piece should be pine cd so that 
tho bend oceiu s with the minimum depth, 

§ (31) Forms of Npkumjbnh m>r Bend 
Tests and Method of Tjostino — Bods are 
usually tested without machining Plates 
should be planed at the sides altei shearing, 
and the corners i minded with a ido, otherwise 
(iaeks may stait at tho comets duo to the 
shearing process having weakened the metal 
With plates ovei one inch thick it is especially 
important that tins precaution should be 
taken 

It is usual to bend bars, unless otherwise 
specified, lound a mandrel of a radius equal 
to tho diameter or thickness of tho bar 

A cold bonding apparatus is shown in Etq 5b, 
m which a steady pressure is applied during 
tho test Tho lower plate A xosts on lho 
table of the testing machine while the uppei 
tool B is held in place m tho pulling head by 


OQ 


a 


M 


Testing Machine 
(Upper Head) 


x 


, Test Piece 


CIO of 


E 



^el cl*' 

JTD 


L — ^-U 


C 
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nil tg and plate The brackets CV are 
K p«reed sufficiently apait to allow the uppei 
It >oI and twice the thickness of the specimen to 
t'UHily pass between the lower idleis del The 
i oilers can be changed so as to adapt the appai- 
u-tixs fot either round, square, 01 twisted bais 
Wiieie a laige numbei of tests have to be 
led out, and the testing machine or press 
o a i mot be sp.ned, it is usual to have a special 
machine used exclusively for bend tests A 
Imucl power machine lot specimens up to 
otio inch sqiauo is shown m Fig 57 

Trie coirect size of centio pm is fust put 
in. Idle machine, the ciank arm is next lotated 
until the ciank aim pm is below the level of 
U»o test piece, and then the table is adjusted 
tiy me ms ot the small hand-wheel until the 


Wo> m an cl Wotm- wheels 
f adjustable gtadtiated n< 

J t xacl to Uifi RU«fS 0 stele t 
th& iB pVor/Ji wheel for reading 
the i of bond J 


Bend tests ate now often icplaced by single- 
blow notched bax tests (see § (08) to ^ (109)), 
but these require special testing plant 


L 






— 


' 

1 

l J_! 



i i ' 


j 2',t 

L i 

A B 





Bend Test Flattening Test 

Tig 58 


Oran ft Ann 



Hand Wheel ana 
tiain of gecus fof 
app hung poiuer 


^ £====□>- 


Fiaine 


lira. 5? 

)p of tlio specimen tests against the centre 
id, which should bo at about the centio of the 
H'tumon The graduated ring is set to zeio, 
ul powet is applied to tho ciank arm, which 
vulvos until tho test piece ruptures oi the 
ijuirocl angle of bend, read off on the gradu- 
al rinp:, is reached 

\ thvtiguo test is sometimes used as an 
lei nt i/bi vo to tho bend test The test piece 
pltioed on hcanngs with a span of G in, 
u t iti tiBfc stand without ft act urc twenty blows 
>m €V weight (of 1120 lbs) having a loimclcd 
rl <>± 1,] in radius and falling 0 m Tho 

jm v ee is to be revorsed aftei the .first and 
urv fxlteiimto blow Tho height of fall after 
e 1 wonty blows is mci eased to 12 n; and the 
amvtmuod until tractuie oocurs 


§ (32) Tests for Bjvets — Rivots aio usually 
subjected to a bend test and a flattening test 
Foi the bend lest they aie hammeicd cold 
without ciackmg until the 
two paits of the shank 
touch (Fig 58 (A)) and foi 
tho flattening test tho heads 
aro hammeied while the uvet 
is hot and must flatten with- 
out clacking of tho odgo to 
a diameter 2] times that of 
the «hiink (Fig 58 (B)) 

§ (33) Bulging, Drifting, 
Flanging, and Flattening 
Tests for Copper and 
Brass Tubes — It is usually 
specified that biass and 
copper tubes shall stand a 
certain percentage increase m 
the diametei (25 pci cent i<> 
usual) without crack or fl iw r 
when subjected to bulging 
(Fig 59 (A)), drifting (Fig 
59 (B)), or flanging (Fig 59 
(0)) Another test which is 
frequently imposed is flatten- 
ing and doubling ovci It 
is goneially earned out both 
cold and at red heat Tho 
tube is flattened and doubled 
ovei thiough 180° as shown 
at Fig 59 (D) 

§ (34) Drifting Test of Metals —Another 
woikshop test for ductility, which is applied 
with ordinary shop appliances, is to bore holes 


Ventre Pin 


■Table 


Guides for Table 


Hand Wheel 



A Bulging Test 


D Drifting Test 



C. Fla iging Test 


D, Flattening Sc Doubling 
over 

PIG 50 


of a given diametei near to tho edge of the 
plate and open them by means of a conical 
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<luh (tapoi 1 m 10) until Clacking occurs 
OJ a <L limit' lncuasc m (tiametei is reached 
The link is usually P ; n\t\x diameter and 1} 
mch tmin the edge of the plate 

The following table gives comparative 
fjouics for vauoua side's of plate 
T\m n 5 


- “i 

Till! k- 

Ougm d ^we 

Bnlirged fei/e 
of Hole be foie 

ttl iluul 

n< 

I ii< Ins 

ol Hole, m 
Jiu Iks 

Ci ukmg, 
m Indies 

Wi ought 1 

0 20 

() (.25 

J 00 

non ) 

0 2 r * 

0 (.25 

1 20 


0 ‘it) 

0 (.25 

1 i2 

1 MiWhIhI 

0 ‘10 

0 (t2f> 

1 50 


Si (,!,“)) Kau.inu Wmuiiit Tftvr (failed “ diop 
U . M \ - [a USA) —The f.illmi; weight test is 
emmideicd lo bo ft nmst use! ill test foi rails 
ind is at veu a pi eminent plate m 3 ail speci- 
in litmus It is made by |>U< ing a piece o£ the 
mil t to li fl lung mi Mippoits !! it apart and 
dn, piling ft heaw h.unniei, through varying 
distant es, on to rt at the rmd-pomt of the 


fall, radius of staking faces and supports, and 
form of foundation must lie specified Tlieie 
is a difference of opinion howe\ ei on thi^ point, 
more especially m regard to the foundation of 
the machine 

Paiticulais of the stand aid machines usually 
adopted m the Umted States of America and 
m Gicat Britain are given m Table h 

The atmospheric temperature usually 
repotted, and due allowance is made for rails 
tested at or below 0° C 

The falling weight test is also applied to 
tyres and axles For tyies a w eight of 2240 lbs 
is allowed to fall fieely from 10, 13, 20 ft , and 
upwards on the tread , the tyre being placed 
in its running position upon a heaw cast-iron 
anvil supported by a rigid concrete inundation 
The tyie must deflect a given amount without 
f i actnre 

If d — internal diameter of tyre, as rolled 
m inches, 

t = thickness of the centre of the tread, 
as rolled, in niches, 
deflection = ffijefi, 

where c~ a constant depending on the breaking 
stress of the matena! (see Table 7) 


Table 6 


- , 

USA 

British 

Falling weight 

Of cast iron with steel stnlung die 
lia\ mg a radius of staking face 
of 5 m and length of face of 12 m 
Total weight 2000 lbs 

Of cast iron with steel stnkmg 
face having a radius of 5 m 

Weight 2240 lbs 

Anvil 

, Solid iron casting 15 m thick and 
weighing 20,000 lbs 

Weight 26,880 lbs , area of bast- 
45 sq ft 

Foundation 

Anvil supported on 20 springs 
arranged m gioups of five at each 
couiei Tho springs aie sup 
poitcd by a cast-iron base plate 
which is bolted to a substructure 
with a timber floor in between 
Tin floor to be 18 m longer than 
the base-plate 

Anvil supported direct on 25 
tons of concrete having an 
area of 100 sq ft No timber 
or springs between the test 
piece and foundation 

SupjHH In for test pwuo (anvil dies) 

Pieces of stool having a cylindrical 
hearing suifacc of 5 in 

Steel bearers having a radius 
of 3 m 

Ut lease • 

A tupping device 

No automatic release allowed 

— - — 


mum The twiill* nhow r£ tho rail rs buttle i and 
the ilefleetauir invcs a lneiiHUic «>l lljo duotili v 
V II Dudley 1 ol XI H A sayw “Tliephymeal 
iii'iipei‘lu '4 <d different neutrons can bo com- 
pared ami 1 heir < hernreal compositions ^“ted 
from the results obtained on tho standard 

drop testing machine ’ when 

r |'be results am comparative only when 

earned out under Urn same «»«“«*“ ht 

It is generally recognised that ^ 
of tup, distance apart of supports, heagl 
i i>roc. Awer Soc VeU JIXot , 19th, x 232 


Tvble 7 


Value of c 


45 

CO 

55 


Breaking btress in Tuns 
per bquare Inch 


42-48 

50-55 

56-G2 


£ (30) Drop T.si », i,,m -Tjm •» 
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fieely, in a running position fiom a specified 
height, upon a mil fastened to an iron block 
of not less than two tons weight The tyie 
is then turned through 90° and dropped a 
second time The height of fall depends upon 
the diameter of the tyre (see Table 8) 

Table 8 


Height of Fall m 
beet 

Internal Diameter of T^re 
in Feet 

5 

Up to 31 

4 

31 to 4} 

34 

4} to 

3 

5} to 64 

2} 

Ovei 6£ 


§ (37) Testing Cast Iron (i ) Ti annexe 
Test — Chung to the ease iuth which it can be 
carried out the transverse, or cross- breaking 
test, has been universally adopted as the 
standard foi cast non The test is earned out 


Table 9 


Particulars of Standard Test Bars 


for Cast Iron 


English 

btmdud 

tmenc m 
1st mdaid 

flc rman 
.Stand ird 

Cross seetionof / 
bar m inches { 
Length of bar \ 
m inches j 
Span in inches 
How east 

1" vide \ 
2 // deep / 

40 

36 

On edgo 

li" diam 

15 

12 

Vertically 

I Ik" diam 

254 

23 62 

Horizontally 


by bieakmg the test bar as a beam loaded 
centrally The strength is measured by the 
centre load which the bar will carry The 


m oidei to obtain compaiati\e i< suits, but 
unfoitunately the stamlaids winch an' in uw 
m various co untiies aio difioicnf Pat ticulais 
aie gi\on m Table 9 

The genotal evpeiionct, in casting bats of 
the vaiious standards m use, is that there is 
a little moie ditlieulty in obtammg sound 
bars cast to the Eiudish sect ion than tn I bo 
case of eithei the Amein in ot (human bats 
Machined bars are genoially weakoi than 
unmachmed specimens 1 
Tf W is the cent ml load, L the span, Z the 
modulus of the section, and / the stuns in 
the bai 

Then 171111111 the clastic limit, 


WL 

4 


=/ <Z f m frs 


WL 


l 

Z 


Above the elastic limit tho stress enleulattul 
fiom the ioimula vanes fot the same' material 
tilth the foim of the section, but if the bienlv 
mg load W 6 is substituted loi W» a value 
of / is obtained which is a mcastno of the 
cpiality of tho niatonal foi bais of smulai 
section, and is called tho modulus of mptuio 
G Ilailston, 2 m 191 t, as a result of a seuies 
of evpenments on east non when (esied b\ 
cioss b tcaLmg, finds that whoieas tho ralio 
of the bieakmg loads loi 1 2x36" (span) 

and 1x1x12" (span) beams is 1333 if the 
formula W / L/4 ~/Z is taken «is applying up (o 
the point of rupture, tho actual value is 1 lo3 if 
thepiecos aie machined, and 1 1 Hi when tested 
with the skm loft on Ho blither finds (bat 
the best test bai to give the most consistent 
and cumpaiablo results, both with bieakmg 
load and deflection, is 2/ xlj x42" cast on 
the flat and machined down to 2 x 1" and tented 


Table 10 


A Comparison of the Results on Grey Cast Iron 
Showing decrease of the modulus of luptuio as tho span increases 


Silicon 

Pei Cent 

Span 

Inches 

Mean Centro 
Load 

Lbs 

Modulus of 
Rupture 

Lb& /Sc* In 

Shi 

Tensile NLiongth 
Lbs /Sij In 

Hi 

(i 

12 

3000 

47,100 

1 

1 81 

15 

18 

1935 

45,600 

h 25,600 

l 78 

l 

24 

1425 

44,700 

J 

J 75 

0 . f 

12 

2900 

45,500 

1 

1 87 


18 

1835 

! 43,200 

r 24,370 

l 78 

i 

24 

1265 

39,700 

J 

1 03 

f 

12 

2880 

45,200 

1 

i 83 

25 J 

18 

1905 

44,900 

[ 24,000 

1 82 

l 

24 

1400 

44,000 

f 

1 78 


tion is also usually specified because, 
taken m conjunction with the load, it 

1n - ' ’ tough- 

'at the 

rdin^rl 


on a span of 36 m Tho rate of testing should 
not exceed 112 lbs m less than 15 seconds 

, 1 Segundo and Robinson, Inst Civ Ena Pm 
Kwvi 248 

8 Iron and Steel Inst Journ , 19 H 
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The jesuli-s m Table 10 ul testa on giey 
cast non by Mathews 1 show that the modulus 
of rupture dcci eases as ilie span increases , 
the cioss section being circulai (1| m diam ) 
and kept constant 

Table 11, compiled from figures recorded by 
J E Stead, 2 gives a comparison of results 


The following obsci vations have been 
rceoided as the icsult of tauiul experiment 

(1) Squaie bars, m geneial, exhibit a slightly 
higher modulus of rupture than round bars of 
equal aiea Tests by a committee of tho 
Ainencan Soeietv of Mechanical Eng meets J 
give an avciage of about 5 pci cent Inghci 


Table 11 

Experimlnq s on Transverse Strfnotu 


Companson of tests on English, Uoiman, and Anunonn (Standard Birs 


Description 

Dimensions 

Inches 

Span 

Me in Cent to 
Load 

Lbs 

Deflection 

Modules ol Itupfuic 

Inches 

Inches 

Lbs /Hii 1 n 

'lons/So b 

English Standard — 
Cast on flat 

1 07 1 98 

30 

2840 

0 38 

30,500 

36 1 

Gorman Standard — 
Cast hon/ontil 

1 14 chain 

23 02 

3210 

0 32 

49,200 

22 0 

American Standard — 
Cast vertical 

1 24 diam 

12 

3230 

o n 

51,800 

23 1 

English Standard — 
Cast on ( dgc 

1 02x2 04 

36 

3370 

0 40 

42,900 

19 2 

German Standard — 
Cast horizontal 

1 23 diam 

23 02 

1060 

0 30 

53,700 

210 

American Standard — 
Cast vertical 

1 25 chain 

12 

3380 

0 135 

52, 100 

23 3 


obtained on British, Ameuenn, and German 
standaid bars His conclusion is that it is 
desirable that any bai for testing for deflection 
by transvoise stress should not bo loss than 
21 m long, as, with shorter bars than this, it 
is voiy difficult to measure to the requnod 
degree of accuracy except with very delicate 
measuring instruments 
In commercial work a dcfioetometoi of the 
type shown an Pig. GO is 
goner ally used lb consists 
of a cast -non base tho 
bottom of wlueh is caio- 
fully planed This huso 
Scale M 1 1 carries a scale along which 
a lover moves a vernier 
reading to 0 001 m The 


Sliding • 
Vei nier 


(2) Bai r east horizontally ai e strongest when 
the load is applied against tho cope lace 

(3) Rough bai s arc stronger than planed 
bars * 

(4) Tumbling in a lattlei increases the hard- 
ness of the skin and thorefore improves tho 
strength 

(5) Bais urn with hot metal are weaker and 
deflect more than bats run with dull metal 5 

(G) Tapping a bar with a hammer during 
test reduces its strength R 

(7) Em bars oJL tho same propoi lions, 
tho modulus of rupture is lower as tho 
section is larger 0 


Plungoi^ 


ft: 



„ Adjusting 
y Some 


Cast lion Base 


Fig 00 


adjusting scrow of tho lover is arranged under 
tho transverse tool so as not to bo affected 
by the bioakmg of tho specimen A simple 
arrangement which is sometimes adopted is 
to use a Brown and Sharp lathe indicator 
under the transverso tool at the centre of 
tho beam 

1 Pioc Amer Soc Test Mat \ 290 
a Ptog Int Assoc Test Mat , 1912, vi 4 


(8) A wido bar givos a higher, and a deep 
bar a lower modulus of rupture 0 
With the English standaid tost pieces 

8 Trans Amer 8oc Med u Png xvi 543 and 1060, 
\vii 075 

4 Sogundo and Uobinson, Tnsl Gw Bug Pror , 
lxxxvi 248 

c Millar, Tnsl Cw Bng Prop Iviii 222 
fl Unwin, Testing of Materials of Construction , 1010 
ed,p 291, 
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(T wide, ¥ deep, 42" lung, and 36" span) the 
stiength of cist non is usually specified hy its 
bieakmg load m cuts, figures of IS, 28, and 
38 (ewts) coi responding to poor, fair, and 
good cavfc non A usual specification is that 
the cast iron shall sustain a load of 30 cwts at 
the centre with a deflection of not less than 

a in 

A foim of report winch is suitable for 
transverse tests is given in Fig 61 It 


cast non to ensuie Unit (ho pull fs a-, 

this matcnal is gnuOv weakened I>v oblique 
or eccent.no loading hoi an mite led mg, 
shackles with spheiieul seals should he em 
ployed (see Fv/s 33 and 3 0, tho h*sl 
bai should bo cast m one with the voik and 
turned to a suitable size, oaio being lakni to 
avoid lapid changes of set lion non Die put 
of the specimen under led. 

Tlio size of tho bai fiotu whteh the lest 


Transverse testa of Mateiuls earned out on 

Supplied by lot whom ill* tisls wue made 



Reference Du cel or 

Tested by RlG 61 Date 


enables the salient points of the results to 
be seen at a glance, and meets all ordinal y cases 
on the testmg of cast iron 
Ui ) Fjjcct of Temperature on the Transtene 
Sh englh of Cad Lon — Cast non loses very 
little of its strength or toughness up to a 
temperatuie of 400° C The following sets of 
experimental results by Mejcr 1 show this 
very clearly 

Tabie 12 

Effect or Teutfraturi} on the .Strength 
or Cast Iron 


[ Temperature 
“C 

Modulus of 
Rupture 
Tons/t>q In 

Maximum 

Deflection 

Inches 

18 

23 5 

0 31 

UQ 

22 2 

0 30 

268 

21 1 

0 28 

297 

19 0 

0 30 

620 

12 1 

0 5o 

807 

7 C 

‘ 0 94 

IS 

23 6 

0 30 

85 

21 9 

0 28 

155 

21 3 

0 28 

370 

21 0 

0 30 

580 

16 0 

0 67 

810 

G 2 

0 79 


— — — j 

§ (38) Tfnsilf Strength of Cast Iron — 
It is important when making tensile tests on 


1 Stahl und Phwn, vcvi 1270-71 


piece is taken aborts tho lesulls obtained, 
bars of laigcr section giving, an a rule, Inwet 
results 

Tables 13 and If give Jesuits recorded by 
J E Stead 2 on test pint on pirpared from 
bars of various sizes whu H have been cast m 
different ways 

Table 10 gives icsults obtained by Mathew h n 
on east non containing vaiious pen outages of 
silicon 

A comparison between tho modulus of 
ruptuie and tho tensile sit englh is given m 
Table 15 

§ (39) Crushing Strength of (Amt Iron 
T he eiushmg stiongth of east iron ih obtained 
on cylinders or pusms m whu h ihe ralio of 
the height to the least lateral dimension is 
between one and tluee 

Tho crushing stiongth jh usually about llvo 
times the ultimate tensile hIiohh, and samplts 
of bad, good, and voty good cast non should 
give a eiushmg stress of 30, 30, ami fit) tons 
per squaio mch respectively 

§ (40) Kesistanou of Cast Imw to Diiinot 
Shear and Toksionao Shear -As the result 
of experiments m direct shear by Plait and 
Hayward 4 it was thought that the shearing 
strength of cast iron was about five to six tons 
per squaie mch Lsod, 5 however, by using 


£ 7 UC x-m yjHTOf* 7 TSE Jl/flfe , 1012 , VI. 

8 Proe Amei Soe Ted Mat x, 201), 

: -Di st Civ Eng, Proc \c, 382 
Inst Mech Eng, Proo, t Jan 1006. 
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inoie pei feet apparatus, has obtained much 
liit'hoi figures, and these aie conlnmed by 
Goodman The leaults of these tests, together 
with the figuies obtained fiom gun-metal and 


giving a low cm usult m hIk ai than m 
tension 

Fiemont is of opinion that the sheai tost 
gives a vciy useful indication of the quality 


Taw n 1 1 

Tlnsiip Ti'sts on Past Ikon 
Test pieces 0 708 m diametu, 0 500 nq in aiea 


Description 

No of 
Tests 

II It ini vte 

St loss 

Tons/Sq In 

Yvor igo pei < on! 
Vail, it ion from 
Average 

Item u ks 

Cast oil flat m bins 2 v 1" 

4 

11 2 

1 3 


Cast horizontally (1 187" chanufir) 

4 

1° ° 

1 8 

j A1J ll'Hl ])!('( C 1 1 111 Ill'll 

Cast vertically (!]" diamotci) 

4 

12 2 

1 8 J 



Taiuu 1 U 


Tdnsut Tasrs on Cast Ikon 


Test pieces 0 708" diametu, 0 500 sq in area 


Description 

No of 
Tests 

Ult mute 

St less 

Tons/Sq Jn 

Avu igo per i cut 
Variation tram 
Avei igo 

Cast hon/onially as a test bar (1 ]" 
diametu) 

}* 

13 9 

0 9 

Cast horizontal] v (1 187" diameter) 

0 

13 1 

3 2 

Cast vertically (1 L87" diametu) 

6 

18 “> 

1 8 






_ _ 


Ri marks 


Tested with skin on 


Twin d to 0 708" chamotei 
Turned to 0 708" diametu 


Only test puces wlmh hu ko with a sound line tine ate me hull d in Tablet I ) and 1 1 


Tahi u 15 

Comparison on Mo minis on Rupiurw and Tamm to M miiNimi oir Cast Ikon 


Tjpo of Test Bar and Authout* 

Modulus of Ruptuie 
Tons/Sq In 

lUtinnte Tensile Htn is 
Tons/Sq In 

11 

Ratio 

A/ll 

f 

21 0 

31 l 

1 81 

American Standard ( Mathew- h) 

20 3 

30 9 

1 80 

I 

20 2 

J1 0 

J 81 

American Standaid (Stead) j 

23 l 

23 3 

122 

13 5 

1 89 
l 72 

Kngltsh Standard (Stead) j 

10 3 

39 2 

11 2 

33 9 

1 10 

1 38 

(lot man Standard (Stead) J 

22 0 

21 0 

322 

33 4 

1 80 

1 79 


mild steel, for oompanson, aio given in 
Table 10 

The point of mteiesi in Tablo 10 is the fact 
that the slieaimg strength of oast iron is 
higher than the ultimato tensile strength 
Goodman says that, with tho exception of 
specimens which aio defective on account of 
blowholes or sponginess, ho has never had a 
single instance of a sx>ecimon of cast non 


of east non if the sample tested truly rt presents 
tho matonal of tho casting lie lias devised 
a special tost lor this pm pose 1 A small piece 
of tho actual casting, 25 mm diameters and 
20 mm long, is detached by a trepanning tool 
Tho specimen is placed within a block holding 
a Med blade, and is cut by a movable blade 
which is f oi cod mto the spocimen by a weighs 
1 Prcmontj Comptes Reiuhis, Doc 9, 1018 
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acting on a level The force of rupture is 
estimated from the ft eight and leverage Since 
the diameter of the hole boied m the easting 
is only about li m diameter the casting 
is not spoiled by this method of procedure 
Undei toisional shear a round bar of cast 
iron imanab'y fractures along a helix whose 
angle is 45°, that is to say, it occurs where tho 
tensile stress is a maximum, and indicates 
that cast iron has a loner resistance to tension 
than to shearing This conclusion confirms 


(il The Mint of Pufoialion on the Htiou/'h 
of MM M Pluto* -In tho .I.Hnmsmn <m 
a paper by W IlackniV Mine tho Institute 
of 'Civil Enginocis, Klumioym ilcsci ilics ex- 
periments earned out to dote, mum (ho olio, t 
of perforation on the tciiHilo «lr<>iif?tU and 
elongation of bmlci plates Tho loun.s ol tost 

+ lira n and Al O lOVCll HI /' W »»>» C-tld * "0 


results are given in Table 17 
The tctst pieces aie all cut fiom on( J l )1<kro 
of plate 12 mm (0 tluek, and tho holes mo 


Table 1G 


Shearing Tests ok Cast Iron 


— — 




Calf uLitcrt 


Ultimate 

Ultimxte 

Ratio 

Coeflidint oi 


Tensile Stress 

Sheai Stiess 

1<\ 

Toi monnl 

Material 

Ff 

F< 

F t 

HI length 


Tons/bq In 

Tons/bq In 


Tons/M q In 

Cast iron A 

97 

14 8 

1 52 


, „ B 

13 4 

17 4 

1 11 


“ » c 

11 3 

13 9 

1 22 


„ „ D* 

13 7 

16 1 

1 18 


, „ Bo 

13 5 

14 8 

1 10 


f 

10 9 

12 9 

1 18 


Cast iron | 

115 

13 0 

1 13 

10 0 

f 

12 1 

12 5 

103 


Gunmetal ! 

12 4 

17 4 

1 40 


l 

13 8 

16 0 

1 16 

21 0 


26 9 

210 

0 78 


Mild steel £ 

23 6 

18 9 

0 81 



A ulUoilt v 


T/od 


Goodman 

J/oil 

Goodman 

X/od 

Goodman 


the direct sheai results of Izod and Goodman 
A typical tozsion fraetuie is shown m Fig 62 



liG 62 

§ (41) Influence of Form on the Proper- 
ties op Materials — A n abrupt change m 
the cross-section of a tensile or transverse test 
bar causes 

(a) A diminution of the elongation at the 
reduced section due to the shoulders of the 
notch or groove 

(b) The stress to he highly concentrated at 
the periphery of the groove or notch 

There are thus two effects — the suppression 
of the drawing out of the material causes a 
gam of strength, while the inequality of the 
stress on the section of fracture gives a re- 
duction m strength 

With a brittle matenal, eg cast iron, the 
elongation is negligible, and in consequence 
the effect of a groove is to cause a reduction 
of strength On the contrary, a grooved mild 
steel test piece is stronger than a plain bar of 
the same matenal, because the suppression of 
the drawing out causes an increase in strength 
which is greater than the effect due to Con- 
centration of stress at the groove acting in 
the opposite direction. 


all 24 mm (d) diamotoi Tho width (b) viuum 
m different hats horn 7 b to 51 0 mm 

(u ) Strength of Scicwetl Boll#— The imilto 
of some tensilo tests on fovu different kmdtf of 



Fig (VI 


sciew threads, made by tho author, are given 
m Table 18 The thicacls selected woto 

(1) British Standard Fine 

(2) British Standard WhrUvoith 

(3) Sellers Thread 

(4) USA 60° Shaip Voe Thread, 

Four matenals were used, ranging in 
ultimate stress from 24 0 to 52 7 tons per 
square inch The bolts woio § m, dia- 

1 Proc Inst On* Enrj , 1884, kvyi 142 
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nctci and weie all madmud fumi IJ-m dia- those snowed with B tS W thiead, aio weaken 
uitei bai than the plain hat 

Fiom the lesults m Table 18 d is seen that Mai tens 1 has earned out similai testH on 
or steel up to 40 tons pci squaio inch the i m and 1-in bolts, using steels oi 27 7 

Tahiu 17 


String in oi< Pmu-oiu I i n Pi ati- s 



Tahui 18 

Tlnsjiu Tnfi'is oh jj in c'ii Diam Sonnv Bot/is 


Tensile Tesl on Mai mat — 

Yield stress 
Ultimate BtuBS 

Per cent of c vtoiiHion L/ \ f A>- 4 

British Standaid Fine Thread 
(Root diam 0 5385 in ) 

Yield BticMH 
Ultimate sliess 

Bntish Standaid Wlntwoith 
(Root diam 0 5()S(> m ) - 
Yield bIichh 
U ltimate' Stic hb 

Seilers Thiead 
(Root chain 0 5000 m ) — 

Yield BtieHH 
Ultimate stress 

U S A Sharp (>0° Voo Thread 
(Root diam *0*495 in ) - 
Yield Hli esH 
Ultimate Htiess 



Note —(1) Stresses are given In tons poi aquaio inc h (2) Foi tests on tin ends, the area icn calculating 


the stiess is taken as that at the bottom of the tin etui 


stiongth (poi sejuate inch of section taken at and 23 0 tons per square melx lospooUvoly. 
the bottom of the thread) is greater for the His conclusions aio as follows ; 
bolts than for the plain bar, but that for the (1) Screw Ihrauls subjected to plain tension 

53 ton steel the bolls, with the exception of i zeits, V mines Iteutsch Tng , Apill 27, JHOO. 


i 
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are stronger than plain bus of the same net 
cioss-sectional area, the excess of strength 
being approximately 14 per cent 

(2) There is no walked difference m the 
ultimate strength with different fonns of 
threads — the shnip tlueid is slightly stronger 
than the othcr- 

(3) Under repeated loads and impact it is 
piobable that the sharp vee threads would 
develop cracks (pucker than the othoi forms, 
and that the Whitworth thread would he the 
last to show this weakness, either with repeated 
loads using soft material oi static loads with 
high carbon steel 

The two sets of experiments, bv different 
eypenmentei s, described above aio m agree- 
ment It will be seen that Mai tons’s supposi- 
tion with icgaid to the suponoiiiy of the 
B 8 W thread with high eaibon steels imdoi 
static loads is shown by the author’s tests to 
bo correct 

With regard to Martens’s statement of the 
piobable weakness of sharp vee threads under 


m the same teims as the static tensile test, 
but always with higher numerical values 
On the other hand, Lebasteui 3 w as unable 
to find this difference with steel bars His 
tests ga\e fracture* which weie the same m 
appearance m the two cases, and the elonga- 
tions of similar bais weio also nearly identical 
(li ) Ejjet t of Variations of Slow Role 6 of 
Loading — Bausehmgcr 4 cauicd out a frnly 
complete set of experiments under slow tales 
of loading and showed that 

(1) The effect on the elongation of altering 
the rate of loading varied according to tho 
matei nl employed With cast lion the effect 
was negligible, while with steel, wrought non, 
copper, bion/e, and biass it was so slight that 
it was masked by differences m the quality of 
the tost tms For lead and tin there was a 
marked increase m the extension with time 

(2) Tho ultimate stress was m some cases 
greater when the extension was fast than 
when it was slow 

Tests on non and steel given by tho Com 


Table 10 

Impvgt Tjsts on* Sorew Thri ads 


(1 Inch Dtamlmsr) 



Diameter at Bottom 

Ft -lbs absoibed 
m Fracture 

Per cent ol 

Kind of Thread 

of Thread 

Inches 

(liner gy taken by 
the 13 8 F ) 

Bullish standard fine (B S F ) 

0 872 

2275 

100 

Hollcis thread (chasing tool) 

0 838 

1921 

84 

(Sellers thioad (single pointed tool) 

0 835 

1888 

83 

British standard Wlutwoitli thread 

0 840 

2003 

88 

U S A sharp \eo thread 

0 780 

1590 

70 


impact, some tests by the author also confirm j 
this conclusion The tests, of which the results 
aro given m Table 19, wore made on 1-m 
bolts and bioken by a single blow, tho energy 
absorbed in fiaeturo being measured It will 
bo noted from the table that the shftip veo 
bolts aro tho weakest of those tested and tho 
British standard threads the strongest 
§ (42) Influence ojt Time on Test Results 
— General expoiienco shows that elongation 
and contraction of area aio increased by very 
rrpicl loading, but that within, the ordinary 
limits of time occupied by a tensile test to 
fracture, of most materials, the late of loading 
does not appear to have any effect on these 
results The results from vanous experi- 
menters, however, aro not quite consistent 
(i ) 1 tiffert of m y Rapid Loading — -Maitland 1 
found that stool, broken in impact, gave 74 per 
cent more elongation than the same material 
broken m the static tensile testing machine 
Blount, Kirkakly, and iSankey 2 concluded 
that tho impact tensile test gave the ductility 


1 u Treatment; of Gun Stool/' Inst Civ Ena Proe 
bcxxix. 120 , 

3 " Comparison of Methods of Testing Steel/’ 
Inst Mech Eng Proc , May 27, 1910 


mission des moth odes d’Essai des Motor mux 5 
show voiy little differ enee in tho ultimate 
extension of the ultimate stress whether earned 
out in a few seconds or many minutes 

Bottomlcy, 0 however, when experimenting 
with soft iron wiro, found that, generally, tho 
contraction of aica and local contraction weio 
less if the loads wore applied more slowly 
His researches included a determination of 

Table 20 


Time the Load w«as 

M iximnm 


allowed to r< mam on 

Load to 

Elongitlon 

the Wire 

Fracture 


Lbs 

Per cent 

Ordinary test m 10 
minutes 

j 43 5 to 40 

22 to 17 

24 hours at 43 lbs 

49 25 

35 

84 hours at 43 lbs 

2 months’ gradual 

51 5 
] 75 25 

14 4 

loading from 40 lb^ 



3 Ann des pouts et chamsiest 1890 
1 Inst Civ Eng Proc evil 434 
6 AUthodes d’essai des matdnaux . i 344 
8 Article "Elasticity” m the Encyilopmha 
Bntannica 
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the effect of timo oil the breaking load of soft 
non who He found that the wire, it loaded 
to just below the ordinal y breaking load, in- 
creased m ■M.tcngth according to tho time the 
who was under 11ns initial load 

A Minimal y of the results aio given m Table 

20 

IV Mevstjrinq Instruments i<or the Bj* 
TLI MINATTON OF THE ELASTIC CONSTANT S 
of Metals 

In order to obtain information as to tho 
ekistio constants of matenals it is neecssaiy 
to measme defoimations while these materials 
aie being atiamod elastically 

In commercial testing, whcio a measino of 
tho ductility only is icq uued, tho imal amount 
ot defoimalion is all that is neeessaiy In a 
ten silo list with a standaid 2 in gauge 
Length and cross-sectional aiea of 0 25 sq 
m , tho total elongation mav bo 0 50 m , 
and as this can ho measuied by tho aid of 
dividei s to the nearest x J o in tho accuracy 
oi loading is 2 pci cent 

Using tho same size of test piece and gaugo 
length, the extension at tho elastic limit is oi 
tho oidci of 0 002 m, bo that for tho samo 
percentage aecuiacy tho measurement must 
lie correct to 0 0000 i m , the smallness 
of this extension can bo realised when it is 
eonsideied that tho thickness of a piece of 
cigarette paper is about 0 001 m With 
tho best tjqies of mnioi oxtenso metier, altoia 
turns of length can ho accurately measuied to 
1*5 of this amount, ? e 0 00000 i m 

§ (13) Extensometers — I n any typo of 
s la am measuring apparatus there ate ceitain 
general principles which it is advisable should 
bo fulfilled 

(i ) If changes m length of tho axis of tho 
test bar aio to be detci mined, measurements 
should he taken on opposite sides oi the 
specimen Unwm 1 has shown that, if tins 
condition is not satisfied, initial curvatuio of 
tho bar will cause seuous ciiois in the 
results, but “if tho mean of measurements 
taken at poults symmetrically placed on 
either side of the bar is adopted, the on or 
due to cuivature is neaily eliminated, tin 1 
lengthening of tho distanco oi one side 
bemg compensated by shoitcnmg on the 
otliei ” 

(li ) Tho apparatus should bo directly at- 
tached to tho test piece at tho gauge pomtB 
only, and after tho initial sotting it should not 
ho necossaiv to handle it dining tho corn so of 
tho experiment 

(m ) The instrument should be as light as 
possible, and designed so as to bo rapidly 
attached to or detached from tho test piece 

1 “ Measuring Instalments used in Mechanical 
Testing,” PM Mag , March L887 , Phys Hoc Proc , 
1887. 


without mteifoimg with 1 Ho appheat’on of tho 
load It is advisable th it, if possible, it should 
he aelf-c out lined 

(iv ) Tiie mstiument should bo arranged so 
that its accuracy can bo del cm mined by a 
cahbiatmg clovu’e, and tho attachment to tho 
b'st piece should lie siu hth.it tho gauge length 
is capable of determination with sufhcient 
accui acy 

(v) Tho mechanical or optical details, and 
tho illative positions of ill tho paits with 
inspect to tho axis of tho specimen, should ho 
such that tho “constant” oi tho mstiinncnt 
is tho same throughout its 1 ingo, oi that any 
oi rot h which are involved aio so small as to 
ho of no impoitam e 

( vi ) The /mo oi the inntmmont should bo 
constant foi tho samo conditions oi tost, thus 
if, alter stunning tho test piece, theio is no 
permanent sot tho mstiumont should ictuin 
to its initial position 

Extensions aio measured m live ciiiToiont 
ways 

(i ) With a mierometoi sc tow 
(n ) By an indicating dial 
(m ) With a mieiosoopo 
(iv ) By a multiplying le\oi (mechanical 
magnification) 

(v ) By optical magnification 
With methods (i ), (u ), and (m ) tho deforma- 
tions aie ascei tamed with little oi no magiulit a- 
tion, while with instillments employing methods 
(iv ) and (v ) the shams aie considerably magm- 
hed holme tho measuiomonts ate made Rome 
oxtenso motors use a eomhmation of (iv ) or (v ) 
with (i ), (n ), or (in ) 

^ (41) Micrometer Roiuav E xtensometer 
— Those mstt aments consist oi two clamps 
placed on the test bai at a distance apart 
which is equal to tho gauge length r ITio 
movement ol one clamp relatively to the othoi, 
as the load is applied, is measured by tho 
loading of one oi more mioiomoier smews 
lixod to one damp and ! nought into contact 
with the other The aecuiacy ol tho install* 
mont depends mi 

(a) The uniformity of tho pitch oi the 
nuciomotoi screw 

(b) T’ho constaney of tho pressure at tho 
point of contact 

(c) Tho care with which tiro lmcromolot 
screw is operated, because tho instrument has 
to bo touched by baud many tunes during tho 
oxpoiiment (Wo should bo observed in order 
to onsmo that the couple applied by tho 
fingers is perpendicular to tho axis of tho 
screw. 

Micromotor snow oxtonsomctcis are hugely 
used m tho UR A by students, and give 
sutistaetmy results when, usod with groat care 
Tho principal makes of mstiumont are divided 
into tw r o sections aoeoidmg as to whether they 
have ono or two micrometers 
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§ (45) Double Micrometer Screw In- 
struments (1 ) Professor E H Thurston's 1 
Extensometer (1875) — This was the first in- 
strument m which tw o micrometer screws 
were used, one placed oil each side of the axis 
of the test piece, and m which electric contact 
was employed m order to eliminate errors due 
to variation of pressure 

(n ) Henning's 2 Micrometer Extent meter — 
This instrument is shown in Fig G4 Two 
frames A and B grip the test piece hy two 
steel points h , h and two knife edges c, c 
The lowei frame B carries two micrometers 
m, m, and the upper frame A is piovided 
with a pair of plugb g, g which are m line with 
the micrometers As the distance between 
the frames increases with application of the 
load, the ends of the screws /, / are brought m 
contact with the plugs g, g The contact is 
indicated by ringing an electric bell by a weak 
electric current, or, owing to the uncertainty 
of bell mechanisms, telephone receivexs are 



sometimes substituted The extension is read 
on vertical scales e, e and the graduations of 
the micrometei heads m, m 
The instrument registers to one ten- 
thousandth part of an inch, and can be used 
on either round, fiat, or square specimens In 
order to attach the extensometer to the test 
piece, the frames A and B are opened Bara 
d are used for setting the flames A and B 
at the correct distance apart , they are lemoved 
while the test is in progress An instrument 
of this type is supplied by Messrs Timus 
Olsen Testing Machine Co , Philadelphia, under 
the name of The Olsen Standard Duplex 
Miciometer extensometer 

(in ) The extensometer invented by C A 
Marshall, of the Cambria Iron Company, differs 
hom Henning’s in three small details The 
adjusting bars d [Fig 64) are omitted and 
the knife edges c, c aie replaced by a spring 
and roller attachment which, m connection 
with a spirit level, assists m the accuracy of 
the adjustment The micrometei screws are 

1 Materials of Engineering, ii 3C9 

c Trans Amer Soc Mech Eng , 1885 p 479 


placed ncaier the lowei fiaiiR than m the 
Henning extcnsomctei 

(iv) The Yale extemomctei 3 is a simplihea 
tion of the Mai shall appaiafus The sptmg 
rollers aio omitted and a gauge bai mtrotluc oil 
to keep the clamps parallel, bung the ponds 
of measuiement ojipositc, and gauge the 
length The gauge bars aio made oi cbilmnt 
lengths and aio removed befoio beginning to 
strain the specimen It 
reads to ten thousandths 
of an inch by micrometei 
screw 

§ (40) Single Micro 
meter Screw Instru- 
ment V nwm's 4 JSoeio 
Extensometu — This in- 
stillment is sliown dia 
grammatically in Eig 65 
Tlie two frames ai e 
clamped to the test piece 
at points on a plane pass- 
ing thiough its axis by sot 
sciews a and h The 
lower frame caincs the 
micrometei screw e, on the hardened point of 
whieli the upper fiaino rests Ihovided that 
the fiames die at rigid angles to the axis, 
the miciometer sciew r gi\os tho variations in 
the length between tho two ponds ol sup- 
port on the test piece To set tiro fiames 
normal to the axis of tlio test bar, levels < , / 
are attached to them Level c on tho lowei 
frame is adjusted by tho snow d, wlulo tho 
upper fiame is sot level by means of the 
micrometei screw' e The pressuio on tho 
micrometer sciow is thus 
constant, and equal to 
the weight of tho uppoi 
frame 

*5 (47) Single Micro 
meter Screw combined 
with a Multiplying 
Lever (i ) Gamut's c 
Extensometei — ~ In this 
instrument (shown dia- 
grammatically m Fig 60) 
there is a mechanical 
magnification of tw r o, combined with measure- 
ment by means of a single micromotor seimv 
Two pairs of steel plates B and 0 are attached 
to the test piece by screws R, R and pivoted 
together at F Tho micromotor M is pi veiled 
to the lowei plates and carries a spmdlo H 
which passes through a guide (C pivoted to 
the upper plates The spmdlo carries a 
hardened pm on its uppei end, and when 
the test piece extends, this pm, which fomiM 
part of an aneioid barometer, moves tho 
aneroid needle Half of tho amount which 

3 $ee Johnson’s Materials of Construction^ 19 J 8 
ed , p 80 4 Thus Soc Proi , 1880, viJi 1 78 

6 hist Civ Eng Proc cxxvln 32X 
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the miciomelor hd a to be moved to bang the 
needle to its ouginal position is a measute ot 
the extension 

(n ) Biehle imp)ovad eitensome'cr, supplied 
by Messis Riehle Bros Testing Machine Co , 
reads the average sketch from two sides of 
the test bai with one miciomoter screw The 
anangement is shown diagiammatically m 
Fig 07 The two frames A and B aie 
each fixed axially to the test piece by two 
hardened steel pointed thumb - sciows S, S 
The left-hand rod R is ngidly joined to the 
lower frame B and is pivoted to the upper 
one A The right hand lod swings liom a 
pivot m the uppei flame ovei the mieiometei 
sciew m the lower one The rods are eqmdis 
tant from the points of attachment to the 
specimen, so that when elongation occuis the 
ught-hand swinging rod moves away fiom the 
miciometer twice the amount of the elongation 
This extensometei can bo used on gauge 
lengths from 2 m upwards by having sets of 



Iku 07 


rods for those gaugo lengths which are io( pared 
Elongations of 0 0001 in can be easily read, 
and electric contacts can bo employed with 
the instrument 

(m ) The Cambridge Jifotensomeler ( Fig 08) 


— This simple and accurate extenso meter is 
made by the Cambudgo and Paul Instrument 
Co Ltd , Ganibndge, and is especially designed 
for use as a workshop instrument Tt is com 


Tig 08 

posed of two separate frames, each of wdiich is 
attached to the test bar M by hard steel conical 
points PP and P'P' arranged in geometnc 
slides so that, after the points aie gently 
driven into the punch maiks, they can bo 
clamped in position by the knuiled heads 
R, R The lowei frame camos a micro 
metci sciew H and a vertical arm B at 
the top of which is a hardened steel knife 
edge about which the two frames woik 
togethor Tho miciometer screw is pin 
vided with a haidoned steel point X over 
which a moke! -plated flexible stool tongue 
A, foitnmg a continuation of the upper 
frame, is carried The tongue and frame 
form a lovci magnifying tho extensions 
of tho test piece by five 
In use tho vibration of tho flexible 
tongue takes tho place of tho electric 
contact, in tho instruments previously 
described, as a doheatc means of sotting 
the mierometoi screw The steel tongue is 
vibrated and tho sciew turned until tho 
point X just touches tho luudtmed knife 
odgo of the tongue as it vibrates Read- 
ings can bo repealed by thin moans to 
0 001 mm under ordmaiy conditions ot 
test Tho stand aid instrument is suitable 
for specimens up to m diameloL on a 
gauge length of I or 2 in 

§ (48) iKmovrrNO Divl Instruments — 
This typo of instrument consists of one oi 
mm o calibrated dials with pointer s on mcoly 
mounted spindles Thoso lake tho place of 
tho miciometer screws m the previous class 
of extonsomotoi s, and are self-mdieatmg 
foi large or small defoi matrons They are 
goneially used m conjunction with some 
form of lover magnification 
Messrs T Olson supply a dial extenso- 
motor of exactly the same form as Henning’s 
oxtensometer (§ (45)) except that dials and 
sliding xods replace the micrometer screws 
Tho sliding rods are attached to tho lower 
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frame m pi ice of the micrometer suews, and 
spindles, Dairying drums and pomteis, are 
fixed to the upper frime with their axes 
horizontal These tike the place of the plugs 
Qi 0 (I'V/ 64) The faction of the sliding rods 
agamst the small drums (1 in m uicumference) 
cause the lattei to rotate This also rotates 
the spindles and pomteis round calibrated 
discs 

§ ( 10) Dtil Extensomfters with Muoijanj- 
cil MAonifiuviion (i ) Unwnsity of 
consm T Yirewound Eilenbometei 1 — Tins lias 
one dial attached to the uppei frame which 
is operated by a wire arranged to transmit 
twice the extension of the test piece to the 
dial drum 

(n ) Em st-Tomhnbon Extcmomde) (Com 
bined Lcvet and Dial), Erj 60 — Tlu i instru 





ment has been especially designed foi use on 
the standard tost piece (0 564 in diameter and 
2 m gauge length) , it can be used, however, on 
specimens up to one inch m diameter The 
gauge length of 2 in is not adjustable, but the 
instrument can ho attached to specimens of 
greater length than this if leqtiuod It is 
provided with two forked levers, A and B, 
fitted at the fork with pointed clamping 
screws winch, when tightened on to the test 
piece, form the pivots of the levels 

The dial indicator 0 is attached to one end 
of the upper level, and the other end, beyond 
the test piece, lias a stout veitical lug D ex- 
tending downwards from one extremity of the 
foik nearly to the level of the lower lever 
Here the lug bends inwards, and one arm E 
of the foik of the lower lever extends inwards 
m the same way 

The tw r o levers aie connected by a short 

1 Sec Johnson’s Materials of Construction . 1018, 
p 81 


length of piano wiro which lies m the cuitr il 
veitical plane of the two leva h 

This forms an elastic hinge, so lh.it as tlu' 
te<5b piece sketches the fieo ends of the lc\oi« 
open away from, one another 

This method of connecting tho Jovolm also 
peimits the test piece to nti .lighten out 
slightly undor the load, if oiigmilly slightly 
bent, without stunning tho oxteiiMoinotoi 
The lower levct is shorter than the upper one, 
and it camcR at the fieo end a short vertical 
screw E with a largo nulled head 
The end of the sciow is i minded and polished, 
and hears on tho end of the slimier ,um of a 
thud level (I which is at tat hod by a short 
length of flexible steel ribbon to a brack* t 
winch is scicwed and do welled to tho upper 
mam level 

Tho end of the lougei aim of this thud lever 
bears upwaids on tho end of tho plmigoi of tho 
dial indicate! 

Tho system of levers is piopmlionod so th.it 
the movement transmitted to the liulu dor is 
ten tunes the extension of the test piece 
By turning the nulled head of tho screw b 
the dial indicator can bo brought to zoi o befoi e 
the load is applied, a light spring maintains 
tho end of the small level in contact with the 
point of the soiew Wlnlo the oxtonsometoi js 
being attached it is necessary for tho two main 
levers to be ngidly looked, with tbo axis of the 
clamping points parallel and at a distance ol 
2 m apait 

This is accomplished by msentmg two 
locking pins, one of winch constrains tho axes 
to be parallel while tho other fixes tho distance 
between them 

Tho Inst pm is placed m tho same horizontal 
plane as the wiro lunge, and its axis mtoieepts 
tho contTG of tho who so that tho insertion ol 
this pm loaves the lovons only one degree ol 
freedom 

The second pm correctly fixes the leUiivo 
positions of tho two lovers 
In order to onsmo that the damping points 
shall gm> the test pioeo along a duumdoi and 
not along a shorter chord, two sc rows are 
placed m the forked pait of oaeh lever inclined 
at about 45° 

The axis of these screws intercept tho axiH 
of the test piece and tho ends ai o rounded to 
bear at points on the test piece 
The usual diameter of the icdueod part ol 
the test piece is 0 584 m , which gives a ciosh- 
sectional area of 0 25 sq in , and tho length 
of the sciows is such that when just fight tho 
ends are 0 282 m away liom the veitical 
plane through the clamping points 
When attaching the extensomefor it ih 
simply held up agamst the tost piece homing 
on tho ends of thefour screws, and the clamping 
screws aie tightened and tho points pierco tho 
test piece along two diameters Tho extonso- 
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meter is thus a self contained mai king-out Jig 
As soon as the insti union t is fixed to the test 
piece the four screws aie just slightly slackened 
so that they are just clear while the test is 
being made 

One division on the indicator concsponds 
to an extension of 0 0001 in and, by esti- 
mating, tho extension can be readily measured 
to the nearest 0 00002 in This instrument 
is made by Ohailes W Cook, Ltd , Man- 
chester 

(in ) Rielile Dial Fxtensometer — A snmlai 
type of dial extensomclor is supplied hy 
Messrs Riehle Bros Testing Machine Co 
The instrument itself is not quite so elaborate, 



and lequires a special marking-oil block winch 
forms part of tho outfit 

(iv) Berry Hiram Gauge 1 (Combined Level 
and Dial) — This instrument measures tho 
deformation on the surface of the tost bar or 
stuioturo and m principle is a pan of beam 
compasses, one point of which is fixed to the 
frame of tho instrument and tho othoi operat- 
ing an Amos Dial through a five to one boll- 
crank lever. The points of tho instrument are 
placed m tho gauge maiks and an alteiatxon 
xn the gauge longth is shown on the Amos 
Dial 

§ (50) Microstore R easing Extenso- 

MISTERS (( /ATIIT2TOM ETERH )— With this typo 
of instrument the distance between fine 
soiatehes on tho test piece is measuiod by 
sighting with a microscope on the two soiatehes, 
and reading oil tho distance tho mici oscopo has 
been moved along tho slide to wluoh it is kxed. 


Tho determination of elongations hy this 
method is a lengthy plot ess, and except foi 
special pui poses it has been abandoned 

Fig 70 allows an anangement of two micro- 
scopes which is convenient for measuring tho 
extensions of stranded cables Microscope 
A has oi dinar y cioss wnes whilo microscope 
B is fitted with a micio- 
metei eyepiece Both in- 
struments are attached 
to a bar G which can be 
moved vertically hy the 
screw D Bo ill imu oscopes 
are focussed on snatches 
on tho test piece and tho 
load applied By means 
of tho screw D the aoss 
wire of tho tup microscope 
A is nude to coincide again 


B 






OB 


3: 


with tho top scratch, whilo 
tho adjUBtablo cioss wne 
is moved in the second 
JPitt 7J miuoHcope to the now 

position of tho bottom 
snatch Tho movement of this cross who m 
tho c alibi ated micrometer eycpieco gives the 
extension 

§ (51) Combined Microscope and Leviqr 
Extensometer JUmng FUlcnbamelei 2 — This 
mstiument has been used foi a gieat deal 
of tho seientiiic wink m this country It is 
shown diagiammatjcally m Fig 71, and m its 
latest form in Fig 72 Tho two clips, B and 
(J, aie each attached to 
the test pieco A by two 
pointed screws Clip B 
carries tho veitical pro- 
jection B' (Fig 71) ter- 
minating in a rounded 
point P, which engages 
with a comeal holo m O. 
The pioces B and B' aro 
joined to one another vx 
such a way that the 
tost piece may twist a 
little with- 
out aliect- 
mg tho en- 
gagomont 
,of 1? with 

0 When the test piece extends, P soi vos as 
fulcrum tor the clip C, and point Q is 
displaced through a distance equal to twice 
the extension This displacement is measured 
by a microscope attached to B, sighting on a 
mark on tho rod R hanging from the point 
Q on the upper clip Tho road mgs aro taken 
from a micrometer scale in tho eyepiece of 



1 Engineering Record, June 11, 1010. 
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the microscope The screw (L, Fig 72) selves 
to bung the sighted maik to a convenient 
point on the miciometer scale and also 
determines the scale readings which can be 
estimated to 0 00002 in A clamping bar is 
added by which the clips B and C aie held at 
the correct distance when fixing them on the 
test piece This evfcensometei is made by 
Messrs The Cambudge & Paul Instiument 
Company for gauge lengths of 2 and 8 m and 
10 and 20 centimetres 

An apparatus for marking off the gauge 



Pig 72a 


points (Fig 72a) is supplied with the mstru 
ment 

§ (62) Multiplied Lever Extensometers 
— (l ) Kennedy 1 designed a simple lever (level 
age 100 to 1) extensometer clipped to the test 
bai at two points 

Maitens’s 2 lever extensometer is a mochfica 
tion of the Kennedy mstiument, and is 
ananged to take simultaneous readings on 
two opposite sides of the specimen It is 
shown diagrammatieally m Fig 73, and 
consists of two clips D, D canying the 
graduated scales 0, C, and held on opposite 
sides of the specimen by a spring S Diamond- 
shaped pieces A, A, to which the aims B } B 
are attached, aie pivoted m shallow seats 
formed m the clips D, D With a magnifica- 
tion of fifty, readings can easily be made to 
0 002 mm 

(n ) Kennedy's 3 hoi izontal extensometer is 
gripped on the bai at foui points m an axial 
plane and consists of t\v o frames, one fixed to 
each gauge mark, which lest on each other 
over the points of attachment to the test bar 
A light pointer is provided with two steel 
points, one resting on each fiame When the 
test bar elongates the two pomts move 
relatively to each other in an axial direction, 
and this movement is magnified by the end 
of the pointer which travels over a scale 
earned by a rod attached to one of the 
frames 

Other instruments of this type have been 
designed by Stiomeyer, 4 Goodman, 5 Wiok- 


2 J ? 11 ■, ^ng Froc Ixxiv , also lxxxvm 24 

: Handbook of Testing, i 546 

* Engineering , kept 12, 1890 
Inst Naial Architects, Trans, 1886, p 33. “A 
Strain Indicator for Use at Sea ” 

a Engineering, Sept 1], 1896 


steed, 6 Ashcroft, 7 Col W H Panic, H and 
Dupuy 9 

§ (53) Optical Magnifying Extmnhom i/i mi 
— For greater accuracy than 0 00002 in in 
measuring dofoi illations some hum oJ optical 
lever is generally employed in which tin* 
change of length of the feat piece is eouveitcd 
into rotary motion of a mui oi wine h is obsei ved 
by means of a telescope and scab' Home 
extensometeis employ two Illinois m winch 
readings aie obtained fiom opposite side's o[ 
the test bai, while w othois the mean extension 



is measured by the loading limn n single 
mirror 

(i ) Two Mm or Apparatus Bausehnun'Fs 
Instrument xo — The introduction of mnroi e\- 
tensometers is principally due to Bausohingoi * 
who designed the mstmmont shown m Fig 71 


inst mecn Eng j’roe , 15)04, p 485 
Discussion on Unwin’s 


STm. 


on " Tensile 
>ng. Trots xlv 


Tests on Mild Stool ,’ 1 ""hist 

\ Martens’s Handbook of Testing, p 5 15 
Annales des Fonts et Chmssfas, 5t)i scries, \lv 
ooJ 

10 Maschme zum Fnlfen der Festiglnt, tUr 
Matenalien constrmrt von Ludwig W order, mil 
Instruments zum Messen der Gcstallsi ertlndenmu der 
Probelorper, construirt von Jon Bauschwger, Miln hen, 
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Two clips, a, a and b , b 9 aie pies&ed against 
the specimen c, c aie light springs which 
pi ess outwaids against the 1 oilers c2, d These 
rollers, which are o£ caoutchouc, are earned 



^ Fig 74 

J \ 


by the clip b, 6, and themselves eairy the 
mnrois </, q As the specimen extends the 
rolleis lotate, and these rotations aie measuicd 
by means of the telescopes E, E and scales 
/, / The results aie recorded to 0 0001 mm 
’ (u ) MaHenb'6 Mid or Eitenso meter — Tins is 
an improvement of Baubclimgei ’s instrument 
and is shown m Ftq 75 It is extiomoly 
accurate and sensitive and is most adaptable 
In this anangoment the multiplying levers of 
Mai tons’s lever oxtonsomctei {Fig 73) aie 
replaced by small mmois (m, vi, Fig 75) 
which aie attached to the lliomhic shaped 
pieces of steel acting as fulcra, m such a way 
that the reflecting surface of each minor is 
on the axis of the fulcrum The two (lips 
d, d aie held on opposite sides of the specimen 
by a spring a which rests m grooves c, c 
Each clip is pointed at one end winch is gapped 
directly on the test bar, while the other end 
has the rhombic piece inter posed between it 
and the bar The mirror is mounted m a 
frame by means of pivots centred m small 


holes dulled m tho glass In older to adpist 
the position of the mirror the fiame is fiee 



to i evolve on tho axis oJ tho lhomb An 
adjusting screw b and spang p are placed 
on opposite sides of tho minor to control its 



Pig. 70 


Plan 
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position about an axis at right angles to that 
of the rhomb 

A pointer Q is attached to the rhomb and 
arranged so that, when it coincides with a 


Cross Wire 


Slit for Reflection Slit for Reflection 

from L eft Hand Mirror from Right Hand Mirror 


JFltr 77 

mark on the clip d, the instrument is set at 
the proper gauge length 

Extension of the test piece rotates the 
rhombs, and the angular rotation is measured 
by a scale and telescopes as described for 
Bauschmger’s extensometer Two readings 
are necessary, one for each rhomb, and two 
telescopes are usually employed 

At the N P L a tc one telescope ” arrange 
ment has been in use for some years with 
complete success This is shown diagram 
matically m Fig 76 

The telescope T is attached to a support 
S Immediately under the telescope, and 
attached to the same support, is a platform 
P whose height fiom the ground can be 
quickly adjusted It can be 
locked m any position by a 
knurled-headed sciew A The 
telescope arrangement is kept 
in contact with the platform by p 

means of a spring B, and their 
relative position in a horizontal 
plane can be accurately adjusted by means of 
the pivoted nut and screw 0 
The platform carries an illuminated scale 
D, two fixed mirrors and M 2 , and two 
mirrors N x and N 2 pivoted vertically so that 
their position can be altered by means of the 
screw and spring E 
The illuminated scale is re- 
flected from one of the “ Martens 55 
rotatmg mirrors on to the pivoted 
mirror N x , and the angle of this 
is adjusted to bring the reflec- OPP lwilllUl 
tion into the telescope by means ~ 
of the fixed mirror M x The 
other “Martens” mirror is made to reflect 
the illuminated scale on to the pivoted 
mmror N 2 , and this is adjusted to bung the 
reflection into the same telescope The 
difference between the lengths of the two rays 
is so small that the telescope can, at the same 
tune, focus the scales reflected by each of the 
Ma.rtens rotating mirrors The mirrors reflect 
and these are cut out by inserting 


a mask (Fig 77) m tho eyepiece of the 
telescope, and by lnvving adjuslablo bums 
shades (R, Fig 7<>) lived m bekvmn tin* 
mirrois on the platfoim and tho ovtensomoier 
The miriois used must bo absolutely flat, 
and gieat caio should bo taken to see that 
they are not distoited when they are clamped 
m position 

A curved scale should be used, but leadings 
can be taken on a straight scale and a 
correction applied The illuminated scale is 
graduated m millimetre's and mtdmgs of the 
scale can ho estimated to 0 l mm 
If Z=the width of tho lhombs, 

L=disianco fiom the scale to tho axis of 
the test piece, 

x — extension of tho test piece, 

X=sum of tho leadings Limn the two 
Mai tens Illinois 
a/X=Z/4L 

Usual values ot l and L mo 0180 m* and 



Fig 78 

43 0 m. respectively If X is measured w 
millimetres we have 

ZxX_018xX 

4 x L 45 x - 4 y= 00 °lxX millimetres, 
By piovidmg suitable clips this oxtonsQ- 
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melt i tan be used on gauge lengths fiom one 
in< h upwards and with test pieces from 0 03 
to 0 8 in diameter 

An maliument using Mai tens’ s method but 
of slightly dilfeient design to that shown m 
Fig 7b is supplied by Messis Allied J Amsler 
& Co , Sehall hausen 

(m ) Wcbhnyhouba If hie Testing Extensometer 
— Tins insti ument, designed by Lynch & Brace 1 
foi cxtonsomotei tests on small sections such 
as who, nb bon, etc , is shown m Fig 78 It 
consists of two tlqis A t and A 2 , fastened at 
one end to a slotted block B, while the lice 



ends cany haidonod rollers, 0* and 0 2 , which 
can turn in pivot bearings 

One end of the mstiumont is clamped to 
the test piece between the spring G and the 
block B, and the rollers O t and G a aio sprung 
apart to take the test piece at the other end 
Plane minors are attached to the rollers, 
which are arranged ho that a spot of light 
Horn a lam]) 1) is lefloeted fiom the mirror 
(\ to mirroi 0 2 , and thonco to the curved 
scale f<\ 

With this oxtensmnoter moroasos of length 
of 0 00002 m, can bo mcasuiod 

(tv ) tfimjte Mirror Apparatus Morrow's Fx- 
temomHo a — This instalment is a combination 
of Ewmg’s lovci arrangement for making the 
oxtenso meter indicate the mean strain, with 
a minor method of measuring that strain 


1 f ‘ Who Testing IfixlcnMnoioter/* Proc Ainer Sqc 
T est Mat* 1019, xlx parfcil T> 696 
a XnsL Meek Eng Proc,, 1904, ii 469 


It is shown diagiammatically m Fig 79 
The attachment to the test piece T is by 
four set screws AA and BB A A serves 
as a fulcrum for the top annular ring C, and 
when the test piece extends, the movement 
between C and F (which is an extension of 
the bottom ring D) is approximately twice 
the extension So far the principle is the 
same as that of the Ewing extensometer, 
but whereas Ewing measures this extension 
by a mieiometer microscope. Morrow uses a 
“ Martens ” rhomb H to which a mirror N 
is attached m a vertical position 

A second mirror M is permanently fixed 
to F The images of the scale from both 
mirrois are seen side by side m the telescope 
An mdex mark is taken on the image of M 
for leading the movement of N By t his 
means allowance is made for any movement 
of the test piece and extensometer, as a w hole, 
relative to the position of the telescope. 

With the instrument as used by Morrow the 
extension of the specimen is obtained to the 
nearest of an inch 

| Other smgle mirror extensometers have 



Fig 80 


been designed by Unwin, 3 Martens, 4 and 
Hartig 5 

§ (54) Compressometers — Must instru- 
ments used for tensile experiments can also 
be used as compressometers provided that 
the test piece is of sufficient length to take 
them. It is, however, often necessary to 
modify the method of attachment The 
conditions applicable to the use of extenso- 
meteis (§ (43)) apply, with just as much force, 
to compressometers 

The Yale extensometer (§ (45)), using double 
micrometer screws, and the Wisconsin (§ (49)) 
dial extensometer are both used 111 the USA 
for compression tests by a suitable modification 
of the clamps 

Ewing’s compressometer for short blocks 
(Fig 80) is on the same principle as that 
used for tension tests The mechanical 
multiplication is, however, increased to five 
times, enabling readings of °f 811 mch 

to be obtained 

Martens’s mirror arrangement (Fig 75) has 
been used by the author as a compresso- 
meter on diameters up to 4J in by providing 
additional sprmgs S to hold the clips on to 
the larger size of test piece 

Unwin 6 has designed an instrument for 
short blocks combining lever and microscope 


3 Phys Sor Proc , 1886, vm 178 
1 Handbook of Testing , part 1 . p 590 
5 Civihngemeur, 1893, part vi 9q1 

3 Testing Materials of Construction , 1910, p ^1 
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This instrument is shown diagiammatically 
in Fkj SI The level Li. haying a knife 
edge iestmg on Hie pillar P, gives a mechanical 
magnification of 2] The fiamo L 2 is fKed 
to tlio specimen by foui sciews, and both 
frame L 2 and lover L x cariy silver plates 
on their ends having a fine scratch on each 
The distance between these scratches is 



measured by the micrometer microscope M 
Alterations of this distance with load give 
the compiessive stiam as the mean of that on 
the two sides of the block 

§ (55) Torsional Strain Indicators — For 
measunng elastic deformations m tension, m 
oi dei to deteiimUe the coefficient of ngidity, 
accurate observations aie necessary All 
instruments for this puipose should be 
independently fixed on the bar with a definite 
gauge length 

Whet© a high degree of accuracy is not 
essential, a convenient and simple method is 
to clamp two long ■pointers on to the specimen 


the vernier and for any change of length of tli r* 
specimen dining test 

(n ) Colo ’6 Toiquemetei 2 — The loision di- 
strain is measured by this indicator on ^ 
length of 8 m At one end of the speci- 
men a graduated circular plato is attached 
to the gauge mark by three set scrcw*-*- 
This plate car ires tin arm and venue i* 
which can b< * 
moved round it* 
and to which ih 
attached a frames 
cai lying a cio&3- 
wiro a nd a m m or- 
At the other* 
gauge mark a* 
chuck, also fixed 
by thioe sob 
scrows, suppoilH 
an aim having a. 
micrometer im- 
eroscope attached 
to it T h i b 
microscope sights 
on to the cross wire of the veimoi plato 
fiamo 

When the toique is applied to the test piece 
tho cioss wne moves iela lively to the micro- 
scope, and the amount of this movomenl is 
measured by tho micrometer eyepiece to 
about one second of arc When the strain 
has exceeded tho range of the eyepiece tho 
cross wire can he readjusted to zero by moving 
the cross-wire aim round tho cuoular plato by 
means of a tangent screw 

(m ) Unwin's Torsion Micrometer 3 — This 
instrument acts on tho same pnneiplo as that 
designed by Coker There aie, howovor, ono 


Mic/tihieter 




at a given distance ajxut and observe 
then movement over a fixed scale The 
diiTcicnoo between tho leadings 
monsuio of the torsional sbiam 
(i ) Poitei's To? sion Indicator 1 — In this 
indicator the long pointers of the above 
instrument aio loplaeod by two rings clamped 
to tho test piece at a gauge length of 3 m, by 
three sot screws One clamped ring is 
giaduatecl m dcgioes and earnes on it a 
concentric ling engraved with a vernici 
leading to five seconds of angle The vernier 
img is supported on ball bearings and is 
opeiated by an arm fixed to the second 
clamped nng Pi o vision is made for sotting 

1 Amer Soc Test Mat x G78, 


li'XQ 82 


oi two slight differences m detail With 
Unwin’s method the microscope, attached 
to a projection from one clip, sights on to a 
finely divided scale on the othei clip at a 
gauge length of 5 m The micrometer eye- 
piece reads to 0 005 degree 

(iv ) Minor Torquemelei — The method em- 
ployed at the N P L 4 is shown m Fig. 82, and 
consists of two small clips, A x and A 2 , each 

a Hog Soc Edinburgh Trans \1 part ii p 263 
11 Testing Materials of Comtnirtion, 1910, p 232 
1 Batson, Inst Mech Eng Eroc , March 1917 
p 183, 
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fastened to the teat piece by three pointed set 
screws ( ( Attached to these clips are the 
adjustable Illinois B t and B 2 of a Maitens 
lmnoi ovtensomc tei The mmois are 
u ranged, on a gauge length of four inches, so 
that they die in the veitical plane jiassmg 


neutral axis of the beam This requuomn+ 
1& fof b y tlie lever deflectometei 

The mean deflection should be obtained 
The apparatus should either provide for taking 
readings on both sides of the test piece or 
automatically give the mean deflection This 



Fio- 83 


through the axis of the test piece The 
method of measuring tho movement of the 
two mmois by tho use of a single telescope 
has alioady been dose tilled (§ (53)) The 
difloionco between the loadings fiom each 
mmoi at small mciomonts of the torque givo, 
when multiplied by a constant depending on 
the scale distance, tho angle of twist 
ioi that m moment on a length of four ] 
inches i 

§ (5G) Deeleotometers. — These in* J=p 

Ktiumenis two used to measure the ||r|i 

amount of bonding of beams, etc, dui- S j,| 

mg a tiansverse test 

(Jommeicially a multiplying lever J 

defleotomotor {Ihg (50) is goneially 


condition is not accomplished by the strained- 
wire anangement 

§ (57) Apparatus por mu \suring Lateral 
Strains (i ) Coker's Lateral Strain- measuring 
Appai atus 1 — Tins instrument is shown dia- 
gi dramatically m Fig 84 and consists of two 
tubular arms A 1 and A 2 connected by a 


A-i y 


employed or a stiamed-wne anango- 
ment may bo used whore largo deflec- 
tions aio to bo moaHuiod Tins is 
shown m Ftg 83 A lino who W is 
hL allied between two pins fixed on tho 
neutral axis of tho beam above the 
supports and kept taut by a lubber 
bant l K, This foi ms a datum lino A 
polished soalo S is gi actuated either 
m mm or inches and suspended from 
tho noutml axis at the centre of tho 



beam, Tho obseivei brings lus eye to such 
a position that the wire and its image m the 
polished scale comcido, and he then reads the 
position of tho wne on the scale 

Tor most wot k an accuracy of 0 001 in is 
usually sufficient 

The methods doscubed above do not fulfil 
some of the essential conditions tor accuracy, 
which ate * 

(1) The apparatus should bo designed to 
give the relative defleotions ot points in the 


flexible steel plate B which forms the fulcrum 
The steel plate is gripped by two collars GO, 
one of which carries an adjustable screw L, 
which bears on the test piece and keeps the 
mstiument from turning The arms are 
attached to the test piece T by two screws 
DD, the pressure on which is provided by the 
compression of a spiral spring S on the 
opposite side of the fulcrum 
The arm A 2 has a projection H, the end 
1 Hoy Soc Edinburgh Trans xxv parti p 452. 
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of which is opposite to the aim A x and is 
ai ranged to spang towards it, gapping a 
knife edge J 

Any cliange m the diameter of the test 
piece causes a relative movement between the 
end of the arm A x and the pi ejection H of 
the aim A a This movement rotates the knife 
edge J, to which a minor K is attached 
The rotation of this miaoi is obseived by a 
telescope and scale and gives a measuie of the 
alteration in the diametei of the test piece 



The scale distance is aaanged so that each 
scale division lepiesents 0 000001 in 

(u ) Morrow's Instrument for meets wring the 
Lateral Contraction of Tie Bars — Tins mstni 
ment, 1 shown diagrammatically in Big 85, 
also uses optical means of measuring tho 
relative displacement of two arms 

Two aims KK and LL are pivoted at P 
and two screws A and B grip the test piece T 
and aie piessecl inwaids by stiff stiimgs C 
Alteration m the diameter of the test piece 
causes aim K to fall lelatively to the aim L 
Tins relative motion is measured by the tilt 


of obtaining the constants of extensonieteis 
compiessometeis, etc , aie 

(1) By measurement of the level ago of tin 
instrument In some typos of appamtus this 
can be earned out successfully With the 
Martens innioi extensometer the con&tanl 
depends on the width of the ihombs and the 
scale distance The former can be determined 
by an accurate measuring machine, and the 
latter is usually adjusted by setting tlio scale 
distance from the test piece by moans of a 
gauge of known length 

(2) By test on a steel lest piece ‘whose 
elastic constants have been accuiately deter- 
mined The test piece is gapped in the 
testing machine m such a way that the stress 
is clistabuted m the pzopei mannei and 
readings of the appaiatus which is to he 
calibiated taken at definite increments of the 
load These leadings are then compelled, with 
those calculated fiom the known elastic con- 
stants If possible, a standardised apparatus is 
attached to the test piece at the same time 
as the one whose constants are unknown and 
a dnect comparison made 

(3) By a calibrating instrument An mstiu- 
ment used by the author is shown m Big 80 
and consists of a stand I) carrying two 
arms E x and E a These arms are movable 
along a feather on tho stand so that their 
position can bo adjusted They aro bored 
accurately m lme to take two rods A and B 



of a mn ici M which is supported on three 
points, two of which lest on aim L and ono 
on aim K A vertical mnroi, not shown, 
is also fixed to L at the side of the tilting 
minor M and serves as an index for that 
imuor,thus eliminating any ozrors due to the 
lnstiument moving relatively to the observing 
telescope The instrument is balanced by a 
weight AY 

§ (58) Calibration of Deformation - 
measuring Apparatus — The usual methods 
1 Morrow, Phil Mag , 1903, vi 417 


B is fixed, but A can be moved up 
and down by a miciometei head C A 
also works along a feather which prevents 
rotation 

The apparatus to be calibrated is attached 
to A and B and its readings compared with 
the movement of the micrometer head The 
pitch of the micrometer screw is 0 025 in 
and the head is divided into 25 parts so that 
one division of the head (about J m. long) 
corresponds to a movement of 0 001 in 

It is ossential that the desired reading 
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should always he approached m the same dnee 
tion in ot dei to eliminate any backlash m 
the smew As the accuracy of the calibiation 
depends upon the accuiacy of the screw, this 
has been detei mined on a screw -measuring 
machine and a correction curve obtained 
foi it 

§ (59) Autographic 1 Recording Apparatus 
— The deformation co-ordinate of the curve is 
always leeoided directly from the test piece 
itself, usually with some form of multiplication 
The mam difference m the various types of 
iceordeis is m the method of obtaining tho 
load co ordinate There are two puncipal ways 
m which this is done 

(i ) Load r oooi dec! by the movement of the 
counterpoise with or without automatic 
adjustment 

(li ) Load co - oidmato obtained by tho 
deformation of a calibrated spung 

Tho eaily diagramming apparatuses wore 
applied to pendulum machines Thurston, in 
187b, designed the toision test apparatus 
desenbed m (10), and, in 1877, Abbott con- 
structed a recorder adapted to a machine in 
which tho pull from a hydraulic press is 
transmitted through the test piece to a pen- 
dulum, tho angular rise of which gives a 
measure of tho load An rmpi oved apparatus 
of the same kind was used by Poblmeyer m 
1882, and more recently by the N P L for 
tests of copper and bionze wires fully desenbed 
m the British Engineering Standards Asso- 
ciation Report, No 55 

§ (60) Autographic Apparatus, record- 
ing Position op Counterpoise — In 
machines having a moving counterpoise tho 
load co ordinate is obtained from tiro posi- 
tion of tho counterpoise on the beam by 
moving a dium or pencil, by suitable pulleys 
or geanng, from the shaft or screw winch 
duves the counterpoise Tho beam is usually 
kept floating by moving tho poise by hand 
adjustment By tins means, howovei, the 
l eduction of load at the yield point cannot bo 
obtained and the final leduction, when tho 
test piece is sir etching locally, is only nnpor- 
fcetly reproduced 

Jhehle Autographic and Automatic Ap- 
paialm —-In some American machines an 
autogiapluc apparatus is provided having an 
automatic weighing device This device is 
designed to move the poise on the beam auto- 
matically to balanco the load on the specimen 
In the Richie machine tho scalo beam on 
rising or falling completes an eloctno circuit 
at tho top oi bottom stop m the beam stand 
Each cnoiut is separate and connected to a 
magnet 

The duving pulley of the machine turns a 
horizontal shaft which has a cast iron disc 
on its end This disc m turn drives one of 
two fibre wheels located equidistant on either 


side of the centie ol the disc Each fibre 
wheel has an aimatuio controlled by one ol 
the magnets of the olectnc circuits mentioned 
above Thus when the beam uses and com- 
pletes the top oil cuit, one of the magnets 
attracts its armature, causing one of the fibre 
wheels to engage with the cast-lion disc and 
drive the poise along the beam and so balanco 
the load When the beam diops and hits the 
lower contact, the aimatuio of the other fibre 
wheel is attracted by its magnet, which brings 
this fibre wheel on to the cast-non disc and 
drives the poise m the opposite dncetion 
The sciew which duves the poise also, 
through gearing, drives tho recording pencil 
axially along the drum, so that tho leading 
of the load, which is recorded, corresponds 
dnectly to tlio load weighed 
Tho other oidmato is obtained by the drum 
levolvmg proportionally to the deformation 
“Fingers” rest on top of U clamps fastened 
to the specimen by hardened steel- pointed sot 
screws at tho conect gauge distanco The 
lower “ finger ” moves downwards as tho test 
piece extends and by means of a rack and 
pinion converts this motion into a rotary one 
revolving the drum through mitre wheels 
The actual extension is magnified five times 
The fmgois aie so arranged with clamps on 
telescopic tubing that only the extension 
between tho U clamps is recorded on the 
diagram 

§ (61) Autographic Apparatus using a 
Calibrated Spring — (i ) This method is used 
m two Wicksteed lceoideis fn the earlier 
apparatus 1 fho measurement of the stress is 
entirely independent of tho position of the poise 
on tlio beam, but is taken as being pi opoitional 
to tho compi ossion ot a helical spimg iu ted upon 
by an auxiliary plunger operated by bydiaulio 
picssiuo from tho straining cylinder ol tho 
testing machine As tho load is applied by tho 
straining cylinder it is balanced by junnmg 
tho poise along tho beam, and the hydraulic 
piossuio m both tho straining cylinder and 
the auxiliary cylinder increases Tho auxihaiy 
plunger thoroloro oompressos the spring, arid 
the amount of tho movement ol tho spring is 
iccoidod by a pencil on tho roeotdmg pa}jor 
m a direction parallel to tho axis of tho drum 
Tlio dium is also given a rotation piopoi 
tional to tho extension of the test piece and 
an automatic diagram is thus drawn 
Tlio auxiliary plunger is rotated during tho 
test in order to eliminate tho friction as far as 
possible Tho yield and maximum loads aro 
noted lrom tho position of the counter poi so, 
m orclei to fix tho load scale of the diagram 
(u ) The Buckton Wicksteed Patent flpnng 
Balanced Recorder is cntnoly automatic, the 
vanations m tho rosistanco of the spocimon 
aie accurately recorded The action of 
1 Wicksteed, Inst Mech Bug Vroa , 1880, p 27 
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the recorder is shown diaguimmaticallv m 
Fig 87 The countei poise W is placed 
at the end of its travel, thus extending the 
spimg S As the load W is applied to 
the test piece an equivalent load is released 
from the spring S, 'which theiefore contiaets 
The amount of this leduction m length 
is piopoitional to the load on the test piece 
and is registered on the recording drum R. 
by means of a cord 0 passing over fixed 
pulleys F 1 and P 2 and attached to the 
pencil I) of the apparatus 

The load is thus recorded axially, and the 
drum is rotated by the movement ol the lower 

A ttached to Beam — 

Support ^ 

Testing Machine Beam 


Cham which , . 
rotates Drum \ ri ) 
as test piece e a tends 


m sene s with a stronger bar ‘ B,’ called a 
spring piece, and the two, which ate connected 
chiectly by a simple coupling, aie pulled 
simultaneously, the one through the other 
The npung-piece is of a mateiial such that its 
limit of elasticity occurs only at a load greater 
than that which will break the tost piece It 
> must also bo of 

-Jim-. material ascer- 
tamed by pro v ious 
Post expei mient to be 
S3 perfectly elastic, 
pi so that its exten- 
A ttached to §§! 0 Sion is strictly 
Post( T) , 


W 

< Counterpoise ) 


■ proportional to 

the pull on it, and 
1 theiefoie to tlio 

! pull on tho test- 

bar Bv a simple 
i arrangement a 

very light pointer 
! 1 c' is made to 

j] swing about an 

axis through an 
angle proportion- 
ate to the ex ten - 
I sion of the spnng- 

piece, and pi opor- 
tional theiefore to 
tho pull on the 
test-bar The end 
oi this pointer m 
its motion always 
touches a sheet 


pulling head relatively to that of the upper 
shackle, to give the deformation co-ordinate 
As the deformation is not communicated from 
a fixed gauge length of the test piece, it includes 
movement m the grips and cannot be taken 
as the extension of the specimen 

(m ) Moore's Autographic Recorder 1 * is veiy 
similar in action to the Wickstecd spxmg re- 
corder just desenbed, the only difference being 
that the spring is placed on the other side of 
the principal knife edge so that when the poise 
is run out the spring is compressed As the 
load is applied to the specimen an equivalent 
load is released from the spring, which elon- 
gates until equilibrium is established Mooie 
used a steam-engine indicator, tho spimg of 
the indicator is attached to the beam of the 
testing machine to give the load co-oidmate, 
and the cord of the indicator is attached to 
the test piece to record the extension 

(iv ) Kennedy- Ashcroft Recorder a (Fig 88) 
— Bull details of this recorder are given m 
Kennedy's paper to the Institution of Civil 
Engineers, and the following description of the 
principle of the apparatus is also taken from 
that paper 

“ The test piece 4 a 5 is placed m the machine 

1 Proc Amer Soc Test Mat , 1908, viii 053 

* Inst Civ Eng Proc , 1886-87, p 31 


of smoked glass * d* to whic h is given a 
travel — m its o\m plane — proportional to tho 
extension of the test piece, and m this way 
the diagram is drawn By an arrangement 
of differential levels it is assmed that the 
motion of the glass depends solely on the 
extension between the marked points on the 
test-bai, so that no amount of extension of 
the coupling, in the ends of the tost piece, or 
m any othei part of the apparatus, can move 
the glass The apparatus is also so arranged 
that the absolute elongation of tho spring- 



tflG 88 

piece does not cause any motion of the pointer 
relatively to the glass ” 

(v ) Dalby's Optical Recoidei 3 — This ap- 
paratus is shown diagrammatically m Fig 89, 
It is similar to the Kennedy- Asher oft recorder 
in that the load is obtained from the extensions 
of a bar acting as a very stiff spring, but 
whereas Kennedy uses mechanical means of 
increasing and transferring these extensions 

3 Hoy Soc Proc , 1912, lxwvi A, and 1913, 
lxxxvih A 


! 
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to the diagram, D.ilby adopts an optic il 
method and thus obviates the possibility oE 
meitia errors 

The spung-piece W, seen m Fiq 00, is 
hollow and is connected at its uppei end to 
tho shackle A of the testing machine A 



piojeetion tluough tho shackle is mounted m 
a light tight box B r i 1 hc lay horn a point of 
light Z is reflected by a lixcd nutrm Q on 
to a concave mmoi M, wlueh again rclloc‘ts 
it on to a thud mmoi N and theme to a 
photogiapluc plate at F, whom it is aecuiately 
focussed 

The minor M is suppoited on tluoo points, 
two of these, about wlueh tho mirror ean tilt, 
arc in contact with tho hollow spring-bar, 
’while tho third rests on a cup on tho top of 
tho contial iod T Any st retell of the spung 
bar W will cause it to move relatively to the 
eential iod T and thus tilt tho mmoi M 
Tins tilt will cause tho point F to movo 
horizontally across the photographic plate, 
a distance of II 10 times tho stretch of tho bar 

Tho minor N is rotated by tho link work 
(1, L, V, U pioportionally to the stretch of 
tho test piece between tho gauge length gf , 
and tins movement displaces tho point “ F ” 
vertically up and down on tho photogiapluc 
plate The point of light therefore traces on 
the plate a stress-strain diagram ot the tost 


made Aftei development the i elation bo 
tween load and extension (an he measmed 
from the plate with gicat accmacy 

V Determination ot< the Elastic 
Constants 

Tho complete load extension diagram is 
drawn by means of some foim of autographic 
diagram apparatus, but foi the accurate dctei 
munition of tho clastic limit and modulus of 
elasticity it is ncccssaiy to determine with 
extreme accuiacy the deformations pioduced 
by small loads 

§ ((>2) Till 1 Elastkj Limit — The elastic limits 
m tension and ( ompicssion obtained from stiess 
stiam ciuvcs on the hist loading of a piece ol 
material such as stool ate not constant foi the 
material but depend upon the pievious ticat 
mont that the mat dial has nndei gone They 
aie called tho “ primitive ” elastic limits to 
distinguish thorn from the “ natural ” clastic 
limits sol up m the matenal when it is sub- 
jected to a few alternations of stiess 



Tho definition of the elastic limit which has 
boon standardised by the British Engineering 
Stand aids Association, and is commonly 
accepted m tins country, is that it is tho 
least stress at which Hooke’s Law ceases to 
be exact It is sometimes called tho limit of 
piopoitionality or tho “ P ” Limit 
With some materials iheie is a deviation fi om 
Hooke’s Law, and a lack of piopoitionality 
botweon stiess and stiam, oven for valuos of 
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the stress ao small that ■when it is lemovccl 
the material legams its ongmal dimensions 
(? e that there is no permanent set) Hence 
the elastic limit is occasionally defined as the 
maximum stress below which the material 
-would fully iccover its form upon removal of 
the load This may bo called the “ E ” Limit 
With most materials the two definitions give 
substantially the same lesults, they both re- 
quue delicate extensometers for their detei- 
mmation, but the method of procedure duimg 
the test is slightly different 
In the first case oxtensometer readings are 
taken with gradually mcreasmg loads and the 
results plotted as a load extension diagram 
The point at which tlieio is a deviation fiom 
Hooke’s Law is easily located, and the Modulus 
of Elasticity can he calculated from the slope 
of the elastic line The increments of load 
taken are usually about of tho estimated 
value of the “ P ” Limit, and if the value of 



the “ P ” limit is known to a first approxima- 
tion, the increments are made smalloi m the 
neighbourhood of that value and until the test 
is completed 

The following measuiemonts (Table 21) are 
taken from a specimen machined from a piece 
of boiler plate and show how the c< P ” limit 
and the modulus of elasticity can be calculated 
The lesults aie plotted m Fig 91 and show 
that the limit of piopoitionality is at 10 tons 
poi square inch 

Fiom the elastic line it can he seen that at 
a stress of 13 3 tons per square inch the ex- 
tonsometer reading is 254 , this is equivalent 
to an extension of 0 001 m on 1 0 m 

The strain is therefore 0 001 and the modulus 
of elast i city =atresg ^ tiam _ ^ 3/Q QOl 

= 13300 tons/sq m 
= 29 8 x 10® lbs pei sq m 
If the readings of the extension and the 
applied load aie known to sufficient accuiacy, 
the limit of pioportionality can be ascertained 
with more precision by calculating the elastic 
extension for the various loads applied, and 
plotting the difference between this and the 


actual extension as oidmates with the loads 
as abscissae Table 21 shows this calculation, 
and the results are jilotted in Fig 92 

Tabll 21 

ExTENSOMrTUR TTst on Boiler Plate 


Diameter of test piece =0 375 in , Cross «eotional 
area=0 1101 sq m Extensions measured on 
a 1-mch gauge length by a mirror cxteiiHomoler 


Stress m 
Tons per 
Sq In 

Extension 
Headings * on a 
1" Gauge Length 
A 

Calculated 
Elastic 
Extension * 
B 

Peun inent 
Set * 

A-B 

0 00 

0 

0 

0 

0 44 

8 

8 

0 

0 80 

15 

17 

— 2 

1 33 

27 

26 

1 

1 78 

35 

34 

1 

2 23 

41 

41 

0 

2 68 

50 

51 

-1 

3 13 

57 

59 

— 2 

3 57 

67 

68 

-] 

4 01 

74 

76 

— 2 

4 4G 

83 

85 

— 2 

5 35 

101 

102 

-1 

6 24 

117 

119 

-2 

7 14 

134 

136 

— 2 

8 03 

150 

153 

-3 

8 93 

169 

171 

— 2 

9 82 

188 

188 

0 

10 70 

206 

206 

0 

11 59 

221 

223 

— 2 

12 48 

237 

240 

-3 

13 38 

253 

257 

-4 

14 27 

272 

274 

— 2 

J5 17 

290 

291 

-1 

to 05 ; 

308 

308 

0 

10 93 

330 

325 

5 

17 81 

353 

342 

11 

18 73 

383 

359 

24 

19 02 

461 * 

376 

85 


* 1 unit =1/254,000 in , le 461 units -d) 0181 111 
Hesults of tests 

Elastic limit = 16 0 tons/sq m 
Yield stress = 20 2 tons/sq 111 
Ultimate stress =28 04 tons/sq in 
Modulus of elasticity =20 8 x 10° lbs /sq in 
Extension =36 9 per coni 



It is of first importance that shocks and 
vibrations should be avoided during the appli- 
cation of the load m an extensometor test, 
since actions of this kmd seriously affect the 
sensitivity and the accuracy of the instrument. 
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The second method of procedme, employed 
to determine the ‘ 4 Pu ” limit, is to apply an 
increment of the load and upon its release 
measure the amount of the permanent set, 
if any The load is then doubled, and the set 
on release again measuicd A fuxther increase 
of the load is applied and released, and the 
opeiation repeated until a well-dolmod and 
mci easing permanent set is obtained 

The amount of the permanent set is plotted 
against the load and an estimate obtained, 
fiom the curve, of the point at which the 
material starts to have a permanent set 
From this reading tho “ R ” limit is calculated 
Results show that the actual location of tho 
elastic limit depends on the sensitiveness of 
the apparatus used, low results being obtained 
with instruments of high sensitivity Tho 
determination of tho “ R” limit requires con- 
siderable time to cany out, but indicates 
plastic yielding of the m atonal at an caily 
point when it is propcily ascei tamed 
(i ) Elastic Lwnt by Change of Temperature — 
If a material behaves elastically, moi casing load 
pioduces a cooling of the test piece, but if, 
however, a pennanent set is produced, work 
is done m internal friction and the tompoia- 
ture of the tost piece uses E Rasoh, 1 oE 
Gross Lichterfcldo, has earned out somo ex- 
periments fco determine the temperature-load 
cuive for materials For tompciaturo meas- 
urement he uses thermo-couples of mm con- 
st antan, coppez-constantan, 01 sdvoi const an- 
tan hound to tho test piece Alterations of 
the temperature are lead fiom tho movement 
of a galvanometer He finds well-defined 
points of inflection m Ins cui vc s Tho loads at 
which thoso points oeciu give an clastic, limit 
sometimes called the thermal or “ T ” limit 
( 11 ) Effect of Over drain on Elndu Limit anti 
Yield Point — Bausehmgci found the offoet, on 
the limit of proportionality, of ovorskam to bo 
as follows 

(1) If the limit of proportionality was ex- 
ceeded but not tho yield point, then tho former 
is raised even if the test piece is immediately 
reloaded 

(2) If the yield point is exceeded, immediate 
reloading gives a lower limit of proportionality, 
but reloading after a long mloival of time may 
give a raised limit of proportionality dames 
Mini 2 found that this effect can bo accelerated 
by lmmorsion for a fow minutes m boiling 
water 

Bausehmgor also found that tho effect on 
the yield point was that if the yield point was 
exceeded, then subsequent reloading gave a 
new yield point raised to tho stress to which 
tho bai was loaded m the fust place This 
effect occmred even if the bar was reloaded 
immediately, but if tlieie was an appreciable 

1 Rroo hit Assoc Test 2) rat, 1001), Article vii a 
a Roy Soc Phil Trans , 1000, cxclli 1 


interval of tune bctoic the i clouding the new 
yield point might bo higher than the maximum 
stress applied m the hist loading 
§ (63) The Modulus of Elasticity j — T he 
modulus of elasticity is tho number by which 
the amount of any specified stiess or component 
of a stress within tho limits of elasticity must 
be divided to find the strain oi any stated 
component of the stiam which it produces 
Theto is a modulus of elasticity m tension, 
compiession, and shoai 
The modulus of elasticity m tension, clonotcd 
by E, is sometimes called the modulus of 
dncct elasticity, oi Young’s modulus The 
value in compression is geneially the same as 
that m tension 

The modulus of elasticity m shear, denoted 
by 0, is ealhxl the modulus of tiansvorso 
elastic ity, or the modulus of rigidity 
Tho moduli 0 and E aio connected by 
the equation 

O- E _ 

2(1 + <r)’ 

where a* = Poisson’s ratio 
Thoie is also a volumotuc modulus of 
elasticity, sometimes called modulus of elas- 
ticity of bulk oi modulus of cubic coinpzessi- 
Inlity and denoted by Iv. It is the number by 
which tho stiess upon the oxtenoi of the sub- 
stance must be divided to give tho diminution 
m volume oi cubical sfciam 

If E and 0 are known, K can bo calculated 
fiom the formula 

jr GE rr E 

k= 90-:Te ortv= S(i-27) 

§(01) Modulus of Direct Elasticity — 
An example of tho method of detox mining tho 
modulus of dnect elasticity (K) is given in 
§ (02) Somo materials, e g cast non, mortals, 
and concrete, have no clastic, lino and therefor o 
no delimto modulus of direct elasticity It can, 
howovex, be considered to bo the reciprocal of 
the slope of the stiesR-stiain curve at zero 
stress, but whole tho cui v at ure near the ougm 
is shaip tins valuo of tho modulus is of little 
use except as a comparative value of stiffness 
An example of a stress strain curvo with no 
delimto elastic hno js given m Pig 93 Tho 
initial modulus of dnect elasticity is obtained 
from tho slope of the tangent (OA) to tho 
cui vo at the ongm 

For eonoiolo, an empirical modulus is some- 
times used for design calculations Tho valuo 
is obtained in one of three ways 
(i ) Tho “ tangent ” modulus (E f ) is obtained 
from the slope of the tangent to tho stress- 
strain curvo where tho oidmate is the w r orkmg 
stress — 25 per cent of the compressive strength 
is usual for tho working stiess— that as, fiom 
tho tangent CD (Fig 93) 

8 Boo *« Elasticity, Thooiy of,” § (5), 
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(n ) The “ secant ” modulus (E fi ) is obtained 
from the slope of the line OB, where Bfr=the 
working stress of the material 

(in ) The “ choid ” modulus (E t ), determined 
by the ratio of stress to defoimation, is given 
by the chord drawn between two points on the 
curve, defined by the limits of stress for woi Ic- 
ing loads, % e from the choid ET (Ftcj 93) 

The tangent and chord method* gi\e moduli 
of approximately the same value, winch are 
hrgher than the secant modulus 

Stanton Walker 1 has shown, from a study 
of curves which he obtained from various 
samples, that the stress-strain curve is repre 
sented by a curve of the type 

S = K</» 

where S=umt stress m concrete, 
d — unit of defoimation, 

K- constant depending on strength, 
a —an approximate^ constant exponent, 

and the i elation between modulus of elasticity 
and strength of conciotc is 

E=OR» fc , 

whei e E-= modulus of elasticity, 

C — constant depending on conditions 
of test, x 

S = comxnessivo stiongth of concrete, 
m—an exponent 

Similir equations were suggested by Bach 
and Moi sell 2 

Effect of Om strain on the Modulus of 
Du eel Elasticity —If the limit 
of proportionality is exceeded 
the value of E for steel is 
lowered, m some cases as 
much as 20 per cent Iie- 
coveiy, however, is effected 
by rest or immersion m boiling 
water 

Marshall 3 showed that if 
steel is initially strained to a 
point withm the limit of pro- 
portionality, a second loading 
may give slightly higher values 
of E 

(05) Values of the Modu- 
lus of Direct Elasticity 
( Young' b Modulus) — Tor car- 
bon steels the value of E m 
lbs per square inch vanes be- 
tween 28 5 x 10 G and 31 x 10°, 
with an average value of 
29 5 x 10 6 It is nearly the 
same m tension and compres 
Sion, and is practically in- 
dependent of the carbon content and of the 
heat treatment 

1 “ Modulus of Elasticity of Concrete," Proc 
Amer Soc Pest Mat , 1010, \i\ 512 

" (loodnch, Concrete Steel Construction (translation 
of Morsch’s Per Eisenbetonbau) 

J Amer Soc Civ Eng Turns xvn 02 


For low percentage nickel steels (3 to 4-] per 
cent) the average value of E is 28 5 x 10 6 
lbs per square mch, while the value of E 
for high percentage nickel steels (30 to 35 



per cent) is low, being about 2,3 x 10 6 lbs per 
square inch 

With cast lion tlieie is no definite modulus 
of elasticity Using a working- -stress figure of 
10,000 lbs per square mob, the “ secant ** 
modulus for cast non vanes from 12 x 10 6 to 
20 x I0 6 lbs x>ei square mch for grey cast iron. 


and from 20xl0 6 to 25 x 10 6 lbs per square 
inch for white cast iron 

Further values of E are given m Table 22 
§ (66) Modulus of Transverse Elas- 
ticity, or Modulus of Rigidity (0) — The 
easiest method of determining the value of C 


Table 22 


Values of the Moduli of Elasticity 


Material 

Value of E 
Lbs/bq In 

Value of O 

Lbs /hq In 

Carbon steels 

29,500,000 

12,000,000 

Low percentage nickel steels 

28,500,000 

11,200,000 

Cast iron (gxoy) ‘ 

/ 12,000,000 to 
\ 20,000,000 

/ 4,800,000 to 
\ 8,000,000 

Cast iron (white) 

f 20, 000,000 to 
\ 26,000,000 

f 7,500,000 to 
\ 9,500,000 

Copper (lolled) 

15,000,000 

5,000,000 

Copper (hard drawn wire) 

17,000,000 

0,400,000 

Copper (annealed wire) 

1(),000,000 

6,000,000 

Aluminium 

10,000,000 

3,800,000 

Phosphor bronze 

14,000,000 

5 200,000 

Load 

2,600,000 

880,000 

Timber (English oak) 

1,300,000 


„ (Russian fir) 

f 2,500,000 to 
\ 3,000,000 


„ (Christiania spruce) 

1,500,000 


„ (hemlock) 

2,500,000 
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is b} means ot a torsion test Tlio strain is 
moasuied by some form of torquomoter such 
as is described m ^ (55) 

A stress sixain diagram is diawn m the same 
nay as for dnect stress but having toisional 
stress as abscissa and torsional strain as or- 
dinate The value of C is then calculated from 
the slope of the elastic line The elastic limit 
in shear is also easily located from the curve 
A «encs of observations by the NPL 
mirror toiquemoter (§ (55)) on a picee of a 
shaft ate given m Table 23 and the diagram 
shown m Ftq 04 From this diagram the 
limit of piupoitionahiy in shear is seen to be 
with a toiquo of 1350 lbs -in coiicspondmg 
to a stiess of 24. 0 tons per square inch, and 


Bessemer steel of carbon content varying 
from 0 19 pei cent to 0 0(> per cent to range 
from lI9 v X0 fl to 12 7/ 10 6 lte per square 
inch 

Platt and Haywaid a give values varying 
fiom 12 3 x 10° to 14 0 x 10° lbs per square 
inch 

Average values of 0 aio given m Table 22 
§ (57) Poisson’s Ratio — Poisson’s lalio is 
the ratio of lateral to longitudinal deformation, 
and is usually denoted bv <r 
An cxtensomeiei* when used m conjunction 
with an apparatus for measuring lateral strains, 
such as are given m 4} (57), gives the valuo 

Tarle 23 



Torque w Ibs-Ins * 
Pia 94 


the modulus of irgidity (0) = 11 9 y 10° lbs per 
Nqimro uu li 


,, stiess 
strain 


53, HOP 
0 00153 


™ 1 1 Ox 10 (! lbs per sq in 


Torsional Stress sprain Obsmwa'Uons 


Diameter ol test piece =0 500 inches 
Cange length = 4 niches 


Twisting 

Torsional Strun 

Menu i\t, 

Llrn Ins 

In Tor quemotei 
Units * 

Angle 

100 

111 

0° 19' 

200 

222 

0° 18' 

300 

320 

0° 57' 

400 

442 

1° 10' 

500 

551 

1°3T 

too 

05(> 

1° 52' 

700 

709 

2° 12' 

800 

880 

2° 31' 

000 

989 

2° 50' 

3000 

1101 

3° 9' 

1040 

1145 

3° 10' 

1080 

1190 

3° 23' 

1120 

12 n 

3° 31' 

1100 

1278 

i 1° 39' 

1200 

1322 

3° 10' 

1210 

1309 

3° 54' 

1280 

M0.) 

3° 00' 

1320 

1440 

4° r 

131)0 

1497 

4° 15' 

1400 

1550 

4° 25' 

1500 

1099 

4° 50' 

1000 

1919 

5° 20' 

1700 

2249 

0° 20' 

1800 

2859 * 

7° 58' 


x A reading ol 2859 mui angle of twist, of 7 degrees 
G8 minutes on a length ot 4 iiu lies 


Nolo — Sirens 24 0 x 2240 lbn per sq m 
53,800 IIh pei sq m 


Stuim ~rd/L-j 


where r~~rathuR of tlio tost 
piece, 

0 = angle of twist on 
length Tj m 
radians 


-(0 25 x 4 15)/(4 x 57 3) = 0 00453 


For wire the valuo of 0 is determined from 
tlio time of a single torsional oscillation 
Bausebmgor 1 found the valuo of 0 for 


of a* foi any matenal m the most direct way 
possible 

Both instruments arc fixed on the tost 
pioco at the same time and measurements are 
obtained, of both lateral and longitudinal 
strains, for equal mci omenta of load Tlio 
results are then plotted as stress-strain dia- 
grams, and the ratio of the slopes of the 
elastic lines is equal to cr (Poisson’s tatio) 

The figures m the following table aro taken 
from results obtained by Coker 


5 Cmlingemmr, 1879 


9 Imt Ow, 22ng Proc xc 409 



176 


ELASTIC CONSTANTS 


Load in Lbs 

Laterxl Strain 
Reading 

Longitudinal Strain 
Reading 

1,000 

0 

0 

3,000 

20 

34 

5,000 

42 

66 

7,000 

63 

09 

9,000 

85 

132 

11,000 

106 

165 


Tabu that materials tail undei stawsM i'imHnloniM\ 

' _ „ lower than tho ultimate whim tk< west i owsiui* 

MEiSUBPMEim or Utewl and Lomsmrami. repeated many iimt , 3 

bTIUQ,s Stanton and Ban stow 1 Iuivo shown miuo- 

Diameter of the test piece =1 01 inches seopieally that tills detoniiiatuni is dui' In 

Length, under teat =8 00 inches <k slip lines being sot lip nt tin” point ol m.txr- 

r~~ mum stress in. tho cleavage planon o( tin* 

Load m Lbs Laterxl Strain Longitudinal Strain crystals and duo to unequal distribution ol 

:Readmg BeaamS stress among the ciystals 11 These slip lmes 

0 broaden out and develop mto k tual macks 

3 ’ 00<5 9 q 3^ under repetition of stiess This type of 

g 0 QQ 42 fa, dure is sometimes eallal “fatigue/’ but ih 

7 ’oqq (,3 09 perhaps bettoi described as a “ repeated Hfioss 

9*000 85 132 failure ” 

11,000 106 165 In nmny cases the sticks does not alternate 

between zero and a maximum m tension; 

From the plotted values of these results there may ho an initial tensile m nut ml com- 
given m Fiq 95 it will be noted that the preserve stress Foi the puipose of a con- 
curves do not pass through the first point, but sideration of this subject couiptossive stress 
the remainder of the observations he on is taken as a negative tensile Nticss, mid the 

1? ... range oi hIiosh as the 

s’ 160 , -.... l- -1 | ~|Z J yL— ditleionee between (lie 

J _ Slope of Long itudtnal* Strain Sheas Cum / maximum lliul mmitmiUl 

^ |140- “ 400000 X 7 0000 ToTTr '.&%» StrOHHOS 

^ £ Slope of Lateral Strain Stress Curve « 10^000^10000 AllPMitllMt HllCSHCS me 

a 03 12° - 707 X 400000 _ g poo „ , , . 

1 « /e *m 763 sx 10 Q 0000 ^ usually considered ns be* 

5 -gioo — -j — — — — — yw m g those m whith the 

^ J _ yly maximum and minimum 

I | so sixoiSHOH me equal but of 

3 S 60 opposite sign. 

J| |! Since 1861, when Fmi- 

lli| 40 bairn published results m 

£ i 2Q tho lioy Hot Phil '/hums 

g ** [ on riveted wrought non 

J 0 V^lgOO 2400 3200 4000 4-BOO 6600 6400 7200 8000 8800 9000 10400 11200 HllbjlS tC(l t<> 10- 

^ Load in lbs on 1 01 ins diaw pouted HtrOHHOH, many nil- 

Pjg 95 * poitant researches on this 


5 Slope of Longitudinal Strain She ss Cum 

5 — 763 5 X I I 

5 140- “ 400000 X 10000 “t 

a cs u 

J £ Slope of Lateral Strain Stress Curue =s 
s °° 120 - _ _ 107 X 400000 _ n rwjo 

mnnnoQ I 





ySL 








p 




h e 



^SL 

** 

L- 


-»we- 

T 7 





[Z 





t 

1 

















1QOD 2400 3200 4000 4B00 6600 6400 7200 8000 8800 8000 10400 11200 

Load in lbs on 1 01 ins chaw 


straight lines The slope of the longitudinal 
stress strain curve = 408 7 x I0- 10 , and the slope 
of the lateral stress-strain curve = 107 x 10~ 10 , 
therefore cr=107/408 7 =0 262 
Average values of Poisson’s ratio for various 
materials are as follows 


Table 25 


Material 

Value of Poisson’s Ratio 

Glass 

0 25 

Steel 

0 37 to 0 30 

Copper 

0 33 (0 31 to 0 34) 

Brass 

0 33 (0 32 to 0 35) 

Delta metal 

0 34 

Muntz metal 

0 34 

Lead 

0 43 

Stone 

0 20 to 0 34 

Concrete 

0 08 to 0 18 

Cast iron 

0 23 to 0 27 

Wrought iron 

0 27 to 0 29 


VI Special Forms op Test 
§ (68) Experiments on the Repetition op 
Stresses — It has been shown by experiment 


sublet l have been irmloi- 
taken As a result of his wmk, Eairbaun 
recommended that tho safe ioj rented sirens 
should be not more than one-thud of the 
ultimate stiess 

In 1871 Wohler published the results of an 
exhaustive senes ol lopoatod stress experi- 
ments m dneet stress, bonding, and torsion 
which had boon earned out timing the previous 
twelve yeais A full (loser ip turn of these tests 
is given m Engineering of 1871, and a good 
account by XJnwm 2 Tho most important 
deductions from those experiments on mi ought 
non and stoel are , 

(а) A stress below ibo ultimate will fracture 
wrought iron and stool if it is j operated many 
times 

(б) The range of stress, and net tho maximum 
stress, determines withm certain limits the 
numbor of repetitions befoio fiaeturo 

(c) For a given maximum or minimum stiess 
the number of repetitions before fracture 
increases as the range of stioss is diminished, 


•pjj .Resistance or lion and Stool to Reversals of 
Afreet Stress, Inst Civ fine t Pror tlxvl 78 

Testing of Materials of Construction, 1910, p 37 1 
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and there is a langc of stress called the hmiiinq 
uinge at winch the number of lepetitions is 
infinite 

(cl) The limiting lango of stiess diminishes as 
the maximum stress increases 
Wohlet’s woik was continued on the same 
machines and confnmed by flpangenbeig, 
whose results, however, weie not so consistent 
as the ongm il woik by Wohler 
Results published m 188b by Bakei, 1 who 
had e\pei mien ted with soft and haul steel 
(28 and St tons per squaio inch respectively) 
and 27 ton nvd non, veio m completo agree- 
ment with Wohler’s icseaichcs 
A consideiable numbei of expeumonts on 
the effect of vaiymg values of the minimum 
stress on the limiting lango of sticsa liavo beon 
earned out by 1 laugh 2 

In 1915 ho reported a senes of tests on mild 
steel to the Butisli Association Theso aio 
sutnman&od m Table 20 


Table 20 

Ripuatld Stress Tists on Mild Stull 


Ultimate 
Static 
Stiess 
Tons/Sq In 

Limiting 

Minimum 

HtieSS 

Pons/Sq In 
A. 

Limiting 

Maximum 

Stiess 

Tons/S q In 
Li 

Limiting 
Range of 
Muss 

Tons/S (i In 
B-V 

26 0 

| 4 05 

1-21 55 

17 5 


- 0 88 | 

+20 62 

21 5 


- 73 

+ 17 20 

215 


- 13 0 ! 

-1 13 00 

26 0 


- 1(> 90 ! 

1 0 5f 

215 


-20 10 

I 1 10 

21 5 


-2195 1 

- 2 15 

10 5 


The results aio plotted m Fig 9b, from which 
it is soon that — 

(3) When the minimum stress jb foj'o, the 
lango of aliens is appioxnnatoly 21 0 tons poi 



i'Tu 90 

square meh, tea tensile stress of 80 poi cent of 
the ultimate stress is sulhoiont to fracture the 
material when repeated a considerable number 
of times 

1 '‘Notes on tho Working Stress of Iron and 
Btool,** Amer Nor Atech, JUng Proc , 1880 
a Jirit Asm Report, 1915, p 103, also Inst of 
Metals J , 19 17, No* 2, p 55 

VOL, I 


(2) When tho minimum stiess is less than 
half of the range (i e fiom i 05 to - 13 0) the 
cune approximately follows Geibci’s patabola 
(seo § (70) (u ), otherwise there is a noticeable 
deviation from the parabolic foim 
Results m Tablo 27 give details of the 
obseivations on mild steel when the sti esses 
aio alternating (i c equal tension and com- 
pression) Theso confirm Wolilei’s deductions 
b and g, given ahovo 

Tablu 27 

Alternating ft tress Tests on Mud Steel 


Limiting i ango of stress — 20 0 tons pci sq in 


Ultimate 

Stress 

Alternating Stresses 
(Equal Tension and Compression ) 

(St it it ) 
Tmis/Sq In 

Range of Strc m 
Tons/S q In 

Millions of Cycles 
to Pnutuu 

26 0 

3') 3 * 

0 003 


32 7 

0 08 


31 1 

0 056 


31 3 

0 16 


29 9 

0 19 


29 9 

0 80 


28 8 

0 41 


28 7 

1 01 


27 5 

1 37 


27 5 

2 18 


26 4 

1 66 


20 4 

5 90 


25 4 

7 20 | 


* 39 3 (Lange)— \ 19 05 to - 19 05 l Unbroken 


Tests on Naval Biass by Ilaigh aio sum- 
marised m f Pablo 28 and plotted m Fkj 90, 
and show that ioi the biass undei consideiation 
tho equation connoelmg mmimum stress and 


Table 28 

Repeated Loadtnci Tests on Naval Brash 


Uitlmato 
Stiess 
(Static ) 
TouB/Sq In 

1 Ami ting 

Limiting 

Limiting 

Minimum 

Maximum 

Range of 

Stress 

St l ess 

Sti ess 

Tons/Bq In 
A 

Tons/Sq In 
B 

Tons/Sq In 
B-A 

28 7 

- 10 

1 10 5 

17 5 


i - 34 

-I 15 8 

19 2 


- 0 5 

1 34 5 

21 0 


-120 

1 J20 

210 


-17 0 

1 10 5 

27 4 


-20 5 

i 4 85 

29 0 


rango of stiess is that of a stiaight lino passing 
through tho point where tho minimum stress 
is equal to the ultimate stross Ilaigh says that, 
as a mle, metals which give a considerable 
i eduction of aioa at fracture have a high value 
of tho ratio of alternating stress range (with 
equal tonsion and compression) to tho ultimate 
stress. This usually vanes hotweon 1 20 m 
mgot iron and tho best nnld steel and 0 80 

N 
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m high tensile and tool steels m the annealed 
condition 

§ (60) Bausohinger’s Theory oj? Failure 
— Btiusclungci’s theory of failure due to ic- 
peated sti esses is the only one which has 
received senous consideration Tie shows that, 
with bars subjected to cyclical vanatioxis of 
stiess, the elastic limits m tension and compies- 
sion take up new positions, the lange between 
the two limits depending on the matenal and 
the stiess at the lower limit of elasticity Thus 
if the elastic limit is raided m tension by 
oveistiam it is simultaneously lowered m 
compression, so that for that condition of 
loading two now limits aio set up, which 
Bausclunger calls the natiual clastic limits 
He showed, fiuthor, that the lango between 
these limits was the same m magnitude as 
the maximum range of stiess winch could be 
applied to the matenal an infinite number of 
times without causing fractuio 

Bairstow, 1 in an important papoi communi- 
cated to the Eoyal Society from the N P L , 
has given experimented lesults which con- 
stitute the hist strong suppoit of Bauschmgei’s 
hypotheses 

In the testing machine used by Bairstow foi 
the pm pose of the expei 1 men bs, cyclical 
variations of direct stiess aie automatically 
pioduced at the late of tw r o per minute m 
such a manner 1-hat the extensomotei, which 
is of the Mai tens nunoi type, is fixed to the 
specimen throughout the test, and m this way 
the whole history of the piogipss of fatigue is 
obsotved 

When the limits of stiess are tension ancl 
compression of equal values it is found that, 
if the range of stiess is above a definite 
vrulue, the stiess deformation ouive forms a 
closed loop, which is called the hysteresis 
loop, consisting of two parallel <*tiaight lines, 
couespondmg to the variation of stiess fiom 
the hunts of stiess towards the mean stiess, 
and two curved poitions, coi responding to 
the variations of stiess from the mean value 
to the evtremo values (JPiq 97) Tho width 
of this loop, which is the peimmont set of 
tho specimen pet cycle, mci eases as the lange 
of stiess i nci oases, but fot a definite lango of 
stiess tends to a limit which is not gieatly 
exceeded by subsequent repetitions of loading, 
even when this is the range at winch fiacturo 
undei fatigue eventually takes place Undei 
these conditions of stiess the mean length of 
tho specimen remains constant 
When tho limits of stiess are unequal the 
hystoiosis loop .h foi tned as befoio, but is not 
closed, owing to tho fact that the mean length 
of the specimen gradually changes because of 
the continued lcpetition of the same cycle of 
stress, % c the change of mean length of the 
specimen pei cycle is tho amount by which 

1 Roy Soc Pail Tmm bencs A, cc\ 35-55 


the hysteiesis loop is enclosed Tho amount 
of the peimancnt extension dumig the eailiei 
stages of the breakdown becomes considerable 
as the superioi limit of stiess approaches 
the static yield point, and li its value, aftor 
the Hist considerable stretch has occuned, bo 
plotted against the coriespondmg values of 



Fia 07 


the superior limit, it is found that uho cmves 
gradually come into coincidence with the 
oidmary static 44 stress-elongation ” ciuvo at 
the yield point FJ3ABC (Fiq 98) shows 
such a curve, m producing which no cyclical 
vaiiations of stiess are concerned 

The principal conclusions arnvod at by 
Bairstow are summarised thus 

(a) The 44 nituial elastic lango ” is tho value 
to he used m design, and, with equal com- 
pressive and tensile sti esses, this valuo is 
identical with the 44 Wohler safe range ” 

(b) The natural elastic lango depends upon 
(1) the material and (2) the lowei limit of 



Tig 98 


stress Tho elastic lango when the lowor 
limit is zero is less than that with equal tensile 
and compi essivo stresses (about 15 per cont with 
axle steel and G per cent with Bessemer steel) 
<c) If a stress-extension cuive is plotted, 
tho extension being the valuo of the per- 
manent extension reached aftoi repeated 
alternations, it assumes the foim found with 
hard drawn copper wire, which has no yield 
point but corresponds with the curve FFJHBO 
of 98 produced back to the 44 natural ” 
elastic limit 
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(d) Rccoveiy due to stoppage of the alterna- 
tions of sticks is appi eeiable, being somewhat 
rajad for some maienals Recovery reduces 
the permment extension at a given load and 
can be gi cully accelerxted by immeimig m 
boiling watei for a few minutes, as suggested 
by Muii 1 

If an inclined line c x a ( Fig 99) is taken to 
repiesent the limiting minimum sti esses, and 
the limiting maximum stress coiiespondmg 
to each limiting minimum siiess is plotted 
on the coiiespondmg ordmate, a curve of 
maximum stiess ea is obtained Tho vertical 
distance between the two curves icpiesonts 
tho limiting range of stiess and it will bo 
observed — 

(1) That as the limiting minimum stiess 
increases tho ronge deu eases 

(2) That if both tho maximum and minimum 
stiess applied to tho matenal fall between the 
two cuives, then the matenal will not fail 
iindei a lepealccl stiess having those maximum 
and minimum values 

§ (70) Formulae for Repeated Stress 
Tests — Various empmeal foimulae liavo boon 



suggested to connect the limiting values of 
tho maximum, minimum, and xango of stress 
(i ) Weyiaugh and LaxuihauWs Formulae — 

If / mftV = limiting maximum stress, 

/mm —hunting minimum stiess, 
ultimato static stress, 
r L x = limiting rango of stress when/ mlu sr(), 
2Z j = limiting range of stress when / m( „ 

= “/max 

1 Roy Roc Phil Trans , 1900, cxcul 1, alsoiioz/ 
Soc Proo , 1900, Kvn 461 


Weyraugh 2 suggested the formula 

jinav 

wlieio the stiess is wholly oi paitly roveisod 
Launhaiclt 3 suggested the formula 

J imi\ 

whore tho stiess is a])pliod without 1 over sal 
Fig 100 is diaun plotting the values of /, tulx 



fiom tho above formulae assuming tho valuos 
oi /mm to ho on the inclined lino RS and 

Z x = { aud 

The latter liavo been found to be average 
values foi a vanety of matonals 

r rhe cuivcd lino foi tho maximum stiess 
limit donved fiom Weyiaugh and Launhai clt’s 
fonnulao is somotnnes assumod to bo straight, 
m which caso one formula o ovens tho whole 
field of repeated six esses 

(h ) Geibe) 's Putaholic Relation — Geiboi 
shoved that, by plotting tho limiting minimum 
stiess as abscissa and tho coiiespondmg suio 
rango as mdmatc, a ourvo was obtained 
which, to a liist approximation, was para- 
bohe 

Using tho piovious notation, Other ’s paia- 
boho relation is expicssed by the formula 

Auv JssltJsh l+ s ), 

n being a constant for tbo matonal 
§ (71) Repeated Stress Testing Machines 
— All Wohler’s tests wore earned out at a speed 
of less than 100 lovoisals per minute, and a 
cletoimmation of tho fatigue rango oocupred 
a vciy long time 

' IvU Gw Png Proc Kill 
a Zeitsch des Arch - und Ing ~Veiemh zu Hammer . 
1873, also, Inst Civ Eng Proi , 1880-8J, Kill 
280 
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jShaft Bearings ^ 


Wotm-uiheel 


Various machines have been constructed 
to accelerate the test 

Before describing those machines which 
are m constant use for this branch of testing, 
Lt is advisable to explain the usual pioceduie 
which is adopted in the determination of the 
hunting range of stress 

Starting with an unknown material and 
a machine giving 2000 revei sals per minute, 
two methods of attacking the pioblem aie 
used 

(a) If the amount of the material is small 
and only a limited number of test pieces can 
be prepared, a low range is applied to the first 
test piece, which is mci eased by about 30 per 
cent aftei ten million reversals Increments 
of the same value are added to the stiess lange 
after each additional ten million leveisals 
until the test piece fads (It the test piece is 
hollow the numbei of reversals can he reduced 
to live mil- 
lion ) The Counter driven 
tange is by Worn and. 
then known 
to be be- 
tween two Attached to 
vnWd /nq. Electuc Motor [ C) 
values (as- b y Flexl t f eQoupling 

summg the -o - : - 

material to v 

be homo- 
geneous) A second test piece is then in- 
serted m the machine and a range applied 
slightly higher than the lower of the two 
previous values Tins langa is increased 

by small increments (depending upon the 
accuiacy with which the results aio desired) 
after each ten million reversals, until failure 
occurs 

(b) Where at least four test pieces are 
available, the limiting range is approached 
from the opposite direction The first test 
piece has a high range of stiess applied to it, 
and from the number of revei sals required 
to fi nature an estimate can be obtained as 
to the piobable range The next specimen 
is tested under a range still believed to be on 
the high side, and this process is repeated 
until a xango is obtained under winch the 
material does not break A stress-ieversals 
curve can then be drawn, from which the 
range of stiess can be estimated^ with what- 
ever accuiacy is required consistent with the 
homogeneity of the material 

The method of procedure adopted will 
depend on 

(a) The amount of matoual available 

(b) Tlio relative cost of preparation of tost 
piece and running of tho testing machine 

(o) The importance of the time of duration 
of test 

With machines of higher speed than 2000 
reversals per minute it is usually considered 
that a larger number of revei sals is required 


m order to be satisfied that, if the test piece 
docs not break, the range applied is within the 
safe range 

The machines which are m common use can 
he divided into four mam types 
(i ) Rotating cantilovei machines 
(n ) Rotating bai machines with a short 
length under a constant bending moment 
(m ) Direct stress machines Load applied 
by an unbalanced revolving weight 

(iv ) Diiect stress machines Load applied 
by the pull of an electromagnet excited by an 
alternating current 

(i ) Rotating Gantilevei Machines for Revei sals 
of Bending Stiess — This typo of machine has 
been run successfully at 3000 revolutions per 
minute and is shown diagiammatically in 
Fig 101 It consists of a test piece A hold 
in a rotating chuck B duvon either dime! 
or through geaung by an olootne motor (J 



Fig 101 

The test piece is loaded by weight W on a 
scale pan S, which is attached to tho test 
piece thiough tho hall bearing I) The 
connection between tho hall beanng and the 
scale pan is such that tho lattoi can adjust 
itself m a vortical direction without pulling 
any constraint on tho ball hearing 

The number of alternations is recox ded by 
a counter duven by a wonn wheol fiom a 
worm cut on the machine shall Tho breaking 
of tho test piece usually opoiates a swileh and 
stops the motor, by this moans tho niacin no 
can be lun continuously with but little 
attention 

A slight modification of tho counting and 
stopping method is m some cases adopted 
The counter is attached to tho ball-bearing 
holder (by which the load is applied) and is 
driven by the inner race of tho ball hearing 
The breaking of the test piece causes tho 
counter to cease recording, and tho machine 
continues to run, without a test piece, until 
the next period of inspection 

A rotating cantilever machino which has 
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been running successfully at the N P L is 
shown m Fig 102 

With a bending test the stioss distribution 
ovei the cross section is unknown if the elastic 
limit is exceeded, and the maximum stress only 



Fig 102 


(n ) Rotating Bai Machines — Tins typo of 
machine was lust used by Sonclonelvoi 9 in 
1892 The method of test is shown chagiam- 
matically m Fig 101 Tim test specimen 




Pig 101 



ABOD is subjected to a mnloim bending 
moment while lovolvmg on its axis It is 
supported on swivelling beatings at A and 
D, and tho ccntial poiLon between B and 





M 




falls on tho outei fibres of the test piece Tho 
tost piece is often made hollow, as m Fig 103, 
tho pait undei test being only a thin shell 
Machines of tho rotating cantilevei oi 
Wohler type have been used for leseaielies 
descubed by Wohler, 1 Stead and Richards, 2 
C B Dudley, J F Rogers, 4 Stanton and 



Panned!, 5 J O Roos,° 0 E Stiomoyer, 7 and 
A Mai tops 8 

They are made commercially by Allied J 
Amslei & Co ,and Timus Olsen Testing Machine 
Co The latter company call them “ Wluto 
Souther ondiuanco testing machines ” 

1 Engineering, li 

a Iron and Steel Inst J , 1903, No 2 

8 I) on and Steel Metallurgist, Peb 1904 

4 Iron and Steel Inst J , 1905 

6 “ Experiments of »Sti ength and Fatigue Pi o- 
pra ties of Welded Joints/’ Inst Civ Eng Prat, 
1911, cUwvui 

• “ Some Static and Dynamic Endurance Tests,” 
Ini Assoc Test Mat Proc , 1912, Paptr V 

1 Manchester Steam Users’ Assoc , Memo by Chief 
Engineer, 1913 

8 * Patigue Bending Tests,” Science Abstracts, 1914, 
No 1371 


Pig 105 

O is l educed m diamotoi The maximum, 
stress (Lax) on tho test pioce is calculated 
iiom tho fotmula 

32 

fnitw — Bonding moment x ^ 3 > 

wheio d ~ tho diamotoi of tho reduced 
poition Besides 
Sondenckor this 
method r>£ test lias 
boon used by <T K 
How aid 10 and 
Eel on, Rose, and 
Cunnmglmm u • 

(m ) I hied Si) ens 
M aclnne* — Load 
applied by an un 
balanced weight 
Cn 1902 Osborne 
Reynolds and J IL Smith 12 descubed a throw 
testing machine, loi reversals of stioss xa 
winch aimplo duoot stresses woio piodueed on 
a tost pioeo by tho inertia forces of reciprocating 
weights dnvon by a eiank and connecting rod 
from a rotating shaft 

A machine of tho same typo was designed 
by T. E Stanton 11 and used for his woik on tho 
lesistanco of iron and steel to lovoimls oi 
direct stress A diagram of tho mechanism 

0 " Repeated stresses,” Qmihnly Journal of 
Massachusetts Inst oj Technology, J 802 

10 Bngmeerhig Record, Soot 22, L9l)G, also Inter 
Assoc Test Mat Proc , J 909 

11 Inst Mech Eng Proc,, Oct,, Dei 1911 

la Roy Soc Phil Trans A, 1902, exeix 

18 Engineering , Peb, 17, 1905 
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is shown m Fig 105, which also explains the 
method of balancing the cranks 

Four masses M reciprocating houzontally 
are operated by foui cranks C Thexe aie 
therefore two independently perfectly balanced 
systems with cranks set 180° apa.it on the 
same shaft AB The cranks of one system 
are at light angles to the cranks of the other 
system, so that the kinetic energy of the 
moving paits is thus approximately constant 
There aie four test pieces S, one stressed by 
each lecipro eating mass 

Machines of this type, however, suftei 
irom the disadvantage that the inertia foices 


end to the fiame of the machine m ftuch a 
vay that its height tail ho adjusted to allow 
fur elongation, while the lowti end is at (.at hod 
to a fiame canymg the aimatmo A ol a 
two phase eleetiomagnet Alj. anti M 4 

The eleetiomagnet is excited by an alternat- 
ing cunent from a gcnoiatoi giving a Hint* 
wave EMF, so that tho pull is almost 
piopoitional to (voltuge/fu'quonoy) 2 , neaily 
independent of the an gap, wluth is small 
and pulsates with twice the frequency of tho 
electnc cunent 

Two small secondaiy coils wound on ti nines 
are fixed clobe to the pole faces, and tlio voltage 



Fig 106 


vary with the square of the speed It is 
therefore necessary to control the speed veiy 
caiefully if reliable results are expected 
(iv ) Direct Stress Machines — Load applied 
by pull of an electromagnet excited by an 
alternating current 

This method has been successfully applied 
by G Kapp, 1 B Hopkmson, 2 and B. P Haigh 3 
Haigh has introduced several new features 
into his latest design Fig 106 shows a 
machine installed at the NPL and Fig 107 
illustrates the principle adopted 
The test piece S is connected at its uppei 

1 " Alternating Stress Machine,” Zeits Yer ernes 
Deutsch Ing , Aug 26, 19X1 

2 Roy Sgc Proc A, Jan 31, 1912 lxxxvi 

a Engineering, Nov 22, 1912 , also Inst of Metals J . 
1917, No 2, p 55 


induced m theso coils is measured by a volt- 
meter and used foi calculating tho stioss 
In older that tho pull of tho twq maggots 
shall bo of the samo amount it is noeossaiy 
that tho air gaps shall bo equal A line 
adjustment is prodded with tho maelunp to 
enable tho test pioco frame and aimaluie to 
be raised or lowoied during a tost until tho 
current in tho two coils and therefore tho 
air gaps are equal Tho coils aio connected 
to a differential ammetei which leads zero 
when this condition is fulfilled 
By the use of a choking coil tho voltage 
readmgs are rendered nearly independent of 
the frequency over a fairly largo range, so 
that slight alterations o± frequency during a 
test do not alter the lange of stress. 
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The fiame cairymg the test piece and 


ai mature is also 

I 

attached, below tho latter, 

JL 
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ei bia of the amiatxire, etc , a pie. caution wine h 
is voiy desirable, as it eliminates a collection 
wlncli would amount to 5 pci cent of tlio sticss 
range Tins adjustment is effected by sotting 
the springs, so that the moving system, 
without the test piece m place, vibiates m 
resonance with the magnetic pull 
By extending or compiessmg the springs 
an initial pull 01 push can be applied to the 
test piece so as to alter the magnitude oi the 
minimum stress 

Thus if f t —the alternating stress ai>pliod 
olecti omagnetioally, 

and f 8 =stho stioas applied by the spungs, 
then the maximum stress (/ max ) ~ /, H f& 
and the minimum stiess (/ m i„ )= -/, \ f 8 
Bange of stress =Z=y iulvx -J mln =J H +f I 

> -=2f 

c> 

ic the range is not affected by tho load 
applied by tho springs 

The voltmeter is calibrated by moasimng 
tho lango of stiess ( photogi aplnoally) by a 
special form of optical extensomotor This is 
shown diagr ammatioally m Fig 108 

§ (72) ISPPGGT OP SPEED ON THE LIMITING 
Range op Stress — Reynolds and Smith 1 
found that tho limiting lango of stiess was 
smaller at speeds of 1300 to 2500 per minute 
than at GO to 80 cycles per minute Their 
conclusions have not, howcvei, boon confirmed 
by subsequent cxpoiiraonls 
Stanton and Bairstow, 2 * using a machine 

1 Roy Soc Phil Trans A, 1002, cxeix 

4 “ Resistance of Iron and Steel to Reversals of 

Direct Stiess,” Inst Qiv JEng Proo clxvi, 78, 


of tho same typo, found th.it a c hinge of 
spml fiom GO to 800 did not seriously 
a fleet tlie i.uige, and latei , using a mat lime 
of tho same typo as Wolilet, they found 
that thoio was no cvrdenco at .ill of any 
reduction in fatigue stiength duo to a rate 
of alternations of 2200 when compaied with 
200 

With lespect to Reynolds and Smith’s icsults 
Stanton says, “It seems piobablo that the 
lcduction m fatigue stiength noted by 
Roynolds and Smith as duo to high i ite of 
alternations is a characteristic of tho paiticulai 
mechanism used foi then experiments ” 
Banstow * says, “It may possibly be that tho 
doci eased range of stiess found by Reynolds 
ami Smith has some iclalton to Ihc question 
of looovoiy, but fuithet expeuments aio 

Minor attached to Test Piece by two 



necessary to decide tho question, as tho effect 
of the uguhty ot the testing machine has not 
yot been fully investigated, Tn two instances, 
at least, low ranges of stress havo been traced 
to natural x>mmcls of vibration m the testing 
machine agicomg approximately with tho 
period of xopetition ” 

Eden, Rose, and Ounnmgham 4 found no 
speed effect between 250 and 1300 i evolutions 
pox minute 

u Roy Sloe Phil Trans Senes A, eex flft-r> r > 

4 Inst Mech ting Pioe , Oct , Doe 1011 
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(73) Effect of Rapid Changes of Section 
Surface Condition on the Limiting 
iges of Stress — Stanton and Barrstow 
3 shown that rapid changes of section have 
arked effect on the resistance of materials 
epeated dnect sti esses 
he standaid test piece that they used had 


depend on the hardness of the steel, being 
approximately 52 pei cent for the haul steels 
and 45 to 35 pei cent for the wrought irons 
and mild steels It is, however, woithy ol 
notice that even under the circumstances 
supposed to be most fatal to haid steels, i e 
a sudden change of section, these steels arc 


Table 29 

Effect of Ripid Changes of Section on the Limiting Range of Stress 


M Renal 

Percentage Reduction of the Limiting Range of Stiess 

Specimen feciovv cut 
with a Vee Tinea (1 

Specimen having a 
Fillet 0 062 in Radius 

Specimen left vith 
perfectly Simp 
Oornoi s 

edish Bessemer steel No 3 

31 

32 

52 

edish Bcssemei sled Mo 2 

30 

28 

53 

oihsh Bessemer steel No 1 

33 

32 

52 

edish cha-icoal iron 

32 

35 

46 

ton rod steel 

33 

29 

40 

d steel No 2 

29 

28 

45 

d steel No 1 

26 

28 

36 

ought non No 1 

23 

19 

40 


let of | inch, and foi comparison with 
they made experiments when (1) the 
was reduced to 0 062 inch, (2) tho 
men was screw cut with a Whitworth 
thread, and (3) the corners were left 

3 results are given m Table 29 and 

That the resistance of all these foims 
m every case, fai below the coir ti- 
ling maximum limiting resistances of 
aternls 

That the resistances of forms (1) and (2) 
aetically tiro same for any given matenal, 


very appreciably strongor than wrought irons 
and mild steels 

The Jesuits of some experiments, made by 
the author using tho Wohler rotating cantilever 
method of test, are grven in Table 30 Tho 
standard test piece shown m Fig 103 has a 
iadius of 0 625 inch 

The percentage reduction m the range is 
seen to agree with the results obtained by 
Stanton and Bairstow 

The injurious effect of scratches in paits of 
machinery subject to variations of stress is 
now recognised Haigh says that ciacl v s 
develop from surface scratches undci stresses 


Table 30 

EiFLcr of Rapid Changes of teuonoN on the Limiting Range of Stress 
(using the Woiillr Method) 


Material 

Ultimate Statu 
htn ss ! 

Tons per 

Sq In 

Limiting Range of Stress 

Tons per Sq In 

Maximum 

Reduction 


Billet 

Jin Radius 

Billet 

Radius 

Sharp 

Corner 

in Range 
Per cent 

cl chrome shaft No 1 

61 9 

57 0* 

48 0 

31 0 

46 

el chrome shaft No 2 

45 2 

46 0 


29 4 

36 

r Plato 

27 9 

27 G 


16 0 

42 


* 57 0- +28 5 to -28 5* 


rat the ratio of those resistances to the 
ponding maximum limiting resistances 
not vaiy greatly for the different 
lals 

That in the case of the specimens having 
den change of section, the percentage 
aon of the limiting range appears to 


perceptibly lower than the normal In some 
experiments carried out by the author tho 
alternate stress range of some aeio crank- 
shaft material was reduced from 56 0 ( + 28 to 
~ 28) to 49 0 tons/sc[ m by a sharp seiatch 
0 003 in deep 

Thero seems to be no doubt that many 
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atigue failures attributed to faulty material aio 
eally due to unsuitable fillets, shaip comeih, 
3i surface scratches left durmg the pioccss of 
nachimng 

§ (74) Resistance of Materials to Com- 
bined Stresses — Frequent cases of the 
3ombmation of stresses aie met with in 
sngineermg practice, and the question of the 
lesistance of materials to those stresses is 
now recognised as bemg of considerable 
impoi Lance 

Stiess applications may be of tlnce types 
(l ) Simple stiess or stress in one direction 
(n ) Biaxial stiess or two sti esses acting m 
directions at light angles to each othor m the 
same plane 

(m ) Tnavtal stiess ox the application of tluee 
stiesses at right angles to each other 
With simple stresses, direct tension or 
compression, the practical constants (modulus 
of elasticity, elastic limit, yield stiess, ultimate 
stiess, Poisson’s ratio) aie taken as a basis for 
design With complex stiess distribution the 
question anses as to the way m which these 
constants aie to be used, and several difleicnt 
thooncs have beon expounded to account for 
the method of failure of matenals under 
combinations of stiesses 
Tlio more important cases of compound 
stress, considered from an engineering stand- 
point, are biaxial 

Shear is an example of biaxial stiess bccauso 
it is equivalent to tlio combination of two 
equal principal stresses, 1 one compression and 
the othei tension, acting m directions at 45° 
with the shearing stiess Thus, m Fig 100, 



the stress on the plane AB at right angles 
to the axis, is pure shear, the intensity of 
wlncdi depends upon the diameter of the bar 
and the torquo applied This shoai is a 
combination of tension along the 45° plane 
CO and compression along the plane EE 
It is well known that nuld steel and wrought 
non fracture, m a torsion test, across the 
plane AB, le a shearing faduie, while cast 
non breaks along the plane EF (i e fails m 
tension) because it is stronger m shear than 
m tension 

Other combinations of biaxial stress axe * 

(a) The crank -shaft which is bent and 
twisted at the same time This can bo 

1 See ‘‘Elasticity, Theory of/’ § (5) 


l educed to a case of tension combined with 
compiession owing to the toique pioducmg 
tension and compression on two planes at 
light angles as debenhed above 

(6) The shell of a steam bmlci, which has 
to resist ciicumfeicntial and longitudinal 
stiesses, is an example of the combination of 
two tensions 

(c) Plates, conciete slabs or floois sup- 
ported round the edges and loaded m the 
conti e, aio fuitliei examples of biaxial stic&s 
disiiibution 

Tin co-dimensional sIicbs is found m thick 
steel cylinders under internal pi cssuio accom- 
panied by a longitudinal tension, also m 
conciete columns with sjuial lemfoi cements, 
and in hooped guns 

§ (75) Causes of Failure in Combined 
Stress — Investigators m the “ combined 
stiess” held of icaeaioh liavo fiist of all to 
decide upon what they consider the point of 
failmo of a material The elastic theory, 
being based on Hooke’s law, is lehable up to 
the olastic limit (limit of piopoitionahty or P 
limit), and theicioio, considered mathematic- 
ally, Iho elastic limit is the point of failure 
This limit m dependent on tlio pievions 
history of the matemil, and is thucfoio 
variable and indefinite For exx>enmental 
puiposos the yield point is used, m a good 
many instances, as tlio entenon of failure, 
this is no doubt due to the method of testing 
which does not allow the tests to be continued 
to the point of failure 

The most nnpoi hint theories advanced to 
account foi the failmo of materials undei 
combined stresses aie 

(i ) Max* mum title* s Them y (Rnnkme) — 
This thorny is that tho material yields when 
one of tho principal stiesses i caches a ceitam 
amount (Tho stiess determined by a simple 
tensile test ) Jt assumes that a second stiess, 
at light angles to tho hist, neither weakens noi 
Bticngthens tho*ongmul stiess 

(n ) Mtuumim till am Thconj (ftt Yen ant) — 
By this thooiv lailuio is assumed to occur 
when tho maximum stiam i caches a value 
equal m magnitude to that at the yield point 
stross of tho simple tension oi compiession 
experiment 

If a matonal is subjected to two or three 
stiesses at right angles to oath other, tho 
maximum strain theoiy assumes that the 
stiength is lowered if the stresses aio opposite 
m sign and men eased it thoy aie of tho same 
sign 

Thus if S x , S 2 , and S 3 aro tlnoo stresses at 
right angles to each other, and e v e 2 , and 
are the unit strains m tho direction ol ea(‘h 
oE tho lespoctivo stresses, also 

32= the modulus of elasticity (assumed 
to be constant) 

and l/<r= Poisson’s ratio, 
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then Eei=Si-];(SjlS,), 

Ee^-^+S,), 


E e3 =S,-J(S 1+ S 2 ) 


For simple tension S a and S 3 may be taken as 
zeio and 


t, n -n S, stress 

Ee,=S ls i c E — ***“ ” , 

1 1 e, strain 


which is the expression of the modulus of 
elasticity 

The maximum sham theory is mathematic- 
ally coned if it is assumed 

(tt) to hold within the elastic limit 

(b) that Hooke’s law is absolutely correct 

(c) that the material is isotiopic 

(d) that the effect of temperature is 
negligible 

By taking the yield point as tho cutenon 
of failure, the variation of “E” between the 
limit of proportionality and the yield point is 
assumed to be without effect on the results 

(m ) Maximum Shear Them y — This theory 
assumes that the condition loi initial yielding 
of a iimfoim ductile material corresponds to 
the existence of a specific shearing stiess, tho 
mtei mediate principal stiess being without 
offect 

This theory as originally proposed, by 
Coulomb m 177(3, refers to rupture of 
the material It is adopted m Guest’s 1 
well-known work (1900) where it is used m 
con] unction with tho yield stiess It is 
approximately verified by W Scoblo 2 and 
W Mason* 3 

We can assume Hut simple tension is a ease 
of combined triaxial stressos whcio two of the 
Xnmcipal stresses aio zeio Applying Guest’s 
law, the bar must fail m shear, and m tins 
case the maximum sheai occurs in a plane at 
45°, and the shear stress intensity is 50 per 
cent of the tensile unit stress Seely and 
Putnam 4 find that tho conect ratio of elastic 
shearing strength to tho elastic tensile strength 
is 0 55 to 0 65, and thoiefore state that Guest’s 
law which assumes the value to be 0 5 is not 
a conect statement of tho law of elastic 
breakdown Becker 5 * found this ratio to 


1 “ Strength of Materials under Combined Stresses,” 
Phil Mag , July 1900, anti Phys & 'oc Proc , 1899- 
3901, xvli 202 

2 “ Strength and Behaviour of Ductile Matenals 
under Combined Stress,” Phil Mag , Dec 1906, 
xil 531 

a 44 Mild Steel Tubes in Compression and under 
Combined Stress,” Inst Mech Eng Proc , 1909, 
part iv 

4 University of Illinois Bulletin , No 115, Nov 10, 

1910 

* “The Strength and Stiffness of Steel under 
Biaxial leading,” Unnersity of Illinois Bulletin, No 

85, -Ipril 10, 1016 


bo 0 56, and the author 0 obtained a riiio 
of 0 63 to 0 08 for steels with ultimate 
stiengths of 23 and 30 tons por equate inch 
respectively 

Becker, 7 as the result of expenmen tal woik, 
pioposes two laws of stiength under combined 
stress, viz 

(1) That the strength at tho yield point 
follows tho Maumum Sham theoiy until the 
shearing stiess reaches tho value of the shear - 
mg yield point 

(2) After this point failure occurs according 
to the Maximum Shear Theory 

This suggestion appeals to fit m vciy well 
with existing experimental work 

Tho maximum shear stiess theoiy has been 
modified by Pony to include a frictional loan 
proportional to the stiess and poi pondicuku 
to the plane of shear Ho noticed tint 
buttle matenals fiactuio at angles greater 
than 45° with the cioss-section and assumes 
that this is due to internal faction 

If 0 = the angle found experimentally, 
fji (the coefficient of faction) ~ tan 0, 
then 6 =45°-f- 0/2 foi tension and 0 — 15° - 0/2 
foi compression 

For cast iron tho angle (0) is found to he 
54J°, which gives a value of /a of 0 35 

If 0=0, this theoiy is the same as the 
maximum shear theoiy, and Peuy suggests 
that this is the case for wi ought non and 
mild steel 

(iv ) The Maximum j Resilience Theory — 
Ilaigli 0 proposes that tho clastic limit oE a 
mateual under complex stress is leac bed when 
the eneigy pei unit volume attains a ccitam 
definite value He bases this view on thermo- 
dynamic considerations, and also finds that, 
when consider od from tho e\pcn mental aspect, 
tho results fit m with this tlicoiy bettoi 
than they do with cither the maximum 
stress, maximum strain, oi maximum all ear 
theories 

Matlock 0 considers the volume extension 
limit or the limit of shear as the fundamental 
limits of a material, and assumes that tho 
material will fail when either limit has boon 
reached 

§ (76) Experiments on Combined Stress — 
Most experimental work has been earned out 
on ductile matenals Only a few experi- 
ments have been mado with buttle matenals 
and further leseaieh m this direction is 
needed 

Test on thin tubes m combined tension and 

6 Batson, Inst Mech Eng Proc , Manh 1 9 J 7, 
P 182 

7 44 The Strength and Stiffness of SI col under 
Biaxial Loading,*’ University of Illinois Bulletin, No 
85, April 10, 1916 

M “ The Strain-Energy Function and the TGlastio 
Limit,” Report of British Association, 19 J 9, and 
Engineering, Jan 30, 1920 

8 Roy &oc Proc A, 1909, Ixxxii 26-29, also 
Dec 1912, p 466 
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torsion have been earned out by Guest, 1 
Hancock, 2 Tuinei, 3 Mason 4 and Bcckei G 
Hancock and Turner used the limit of pio 
personality as tlio point of breakdown, Guest 
and Mason took the yield point, while Beckei 
adopted the “ apparent ” elastic limit This 
is a point between the limit of proportionality 
and the yield point where the slope of the 
tangent to the stress -attain curve is 60 per 
cent greater than it is at the origin Seely 
and Putnam 6 also used the “ apparent ” elastic 
limit m then experiments 

Guest, Tumor, and Boekei added internal 
fluid piessuie m older to obtain an additional 
stie&s 

Solid round specimens under tension oi 
compression and torsion have been usod by 
Hancock, Scoble, 7 and Smith, 8 while the 
strength of thick cylinders under internal 
pressure has been determined by Tumor, 9 
Cook and Pvobcitson, 10 and Bndgeman 11 
Crawford 12 used flat steel plates clamped at 
the edges and subjected to fluid prcssuie on 
one side 

§ (77) ^Repeated Applications of Combined 
Stresses — With repeated stress tests tlio 
limiting range of stress m fatigue is a valuo 
that can be definitely taken as the ono at 
which the material fails 

Although Wohler made tests under repeated 
tension and repeated torsion, his it suits are 
difficult to compare owing to lack of specific 
mfoimation regarding the material used m 
the tests 

Both Turner and Stromcyci 13 have oxpoi i- 
mented with alternating torsion, the foimer 
found that the more ductile matouals approxi- 
mated to tiro maximum slieai stress law, whilo 
the moTQ buttle samples weie moie nearly m 
agreement with the maximum strain theoiy 


I " Strength oi Malci lals under Combined Sti osaos,” 
Phil Mag, July 1000 , ami /Vn/9 Poe Pror , 1809- 
LOO l, xvii 202 

4 Png Nnv s, Aug 21, 1905, li\ , and Hept 2, 
1909, lul, and Phil Mag , (XI 1000, Fob 1008, 
and Nov 1008 

a Engineering , Fob 1000, Kxxvd , and July 28, 

1011 

4 "Mild Steel Tithes m (bmpiesmon and under 
Omuhmed Ktiess," Inti Mich Png Pwc , 1000, 
pint iv 

8 " The Sliength and Stillness of Steel under 
Biaxial Loading," TJnucmUj oj Illinois Bulletin. 
JNn 85, ApnllO, 1010 

a Unuersily oj IlUnoih Bulletin) No J 10, Nov L0, 
3010 

7 " Strength and Biliavioiu of Ductile Materials 
undn Combined htiess," Phil Mag. Dec 1000, 
xil 003 

R Engineering, Aug 20, 1000, lwxviii , Inti A leek 
Png Pioi , 1 000, part, iv , Inti o f Metals Journ , 1909, 
Iron and Pteel Inti Journ , 1010 

0 Engineering, Feb 1009, lxxxvii , and Only 28, 

ion 

io The 0 f npliick ITollow C'vlindeis under 

Internal Pressure,” Engineering , Dec 10, J9JJ, 
xui 

II Phil Mag , J in and July 1912 

13 My Poe Edinburgh Pi oc , 10U-3 912 

1,1 Manchestci Steam Users’ Assoc , Mem by 
Chief Engineer for the year 1913 


Tlio only experiments so fai earned out on 
combined toision and bonding weie those by 
iStanton and Batson 14 A diagrammatic sketch 
of the anangement which was adopted is 
given m Fig 110 In the position shown the 
cross section of the specimen at S is subject 
to a twisting moment WD, and to a bending 
moment W d When tlio head had turned 
through 180° the moments iver e equal m 
amount but ojipositc in sign When tlio head 
had turned through 90° fiom the position 
shown the maximum stress w r as that clue to a 
bending moment Wi) plus that due to tlio 
direct loading, but as m all cases this sticss 
was below the known fatigue limit of the 
material under reversals of simple bending, 
its effect w r as taken to bo negligible, and 
the specimen was assumed to be subject to 



rovei sals oi the oombmation oi bend mg and 
twisting alone 

^ (78) Al TFIINATJNU BfNDINU TESTS B!‘ YOND 
the Yield Point — The punajial objection 
to the commercial adoption ol repeated stiess 
tests is the tuno and expense oi toudmtmg 
tosts m winch millions of applications oi sticHs 
aio xeqiuml in oulei to obtain the lesult 

Many mac bines have been designed m wlueh 
the tost piece is broken mpidly uncloi alter - 
natmg Htiessos which exceed the yield point 
Such tests do not give mfor mn turn as to i elativo 
“fatigue” stiongth of materials, but lm\o 
been found use* lul as indicating mechanical 
defects, incorrect heat tj catmint, and bnttlo- 
ness 

(i ) 4.1 nold Testing Machine 15 — In this test, in 
xts latest form, a tost piece § m diameter and 
6 to 0 m. long is fmnly fixed at one end 
m a voitical position m the vice of the imu lime 
It is bent backward and loiwunl, though a 
distance of l m on eitliei side of the vertical 
at a height of 3 in above the face of 
the dies, by a slotted steel head fixed to the 
reciprocating pait of the machine The 
length of slot is laigor than tlio diameter of 
the test piece (usually 5 in with a siioko of the 
machine of 1 J m ), so that an impact or shook 
is introduced at ouch alternation of stress 
The standard speed adopted is 060 alternations 

l ' Bepoitoflhe British Association, Newcastle, 1910 

16 " Factors oE Safety in Marino Enginooiinfr," 
Engineering, 1908, lxxxv 598, 
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per minute The number of alternations to 
fracture is recoide.l Arnold and other inves- 
tigators improvised shaping or slotting 
machines to perform the test 

It should be noted that, m his earlier woik, 
Arnold 1 used a test piece | m squat e with 
the force applied 4 ra above the line of 
maximum stiess The deflection was 4 m 
or nr m on either side of the vertical, and 



the number of alternations was 108 to 260 
pei mmute 

(n ) J^andyraf - Turner Alternating Impact 
Machine — Tins machine is especially designed 
and constructed to cany out the Arnold test m 
order to standaidise the conditions employed 
In place of the straight lme movement of the 
shaping machmo a rocker arm is substituted 
(Fig 111) to economise space and, by reason 
of its radius being equal to the free length of 
the test piece, maintain a constant leverage 
during the whole stroke 
The numhet of alternations are lecorded by 
a veeder counter which stops registering when 
the test piece breaks The test piece is | m 
diameter, but, with this machine, the distance 
from the top of the vice to the staking point 
of the hammer is 4 m instead of 3 m 
as used by Arnold in his latest experiments 
This machine is manufactured m tko USA 
by Queen & Co , Philadelphia 
J B Kommers 3 of the University of Wis- 
consin has earned out an investigation with 
A Landgraf -Turner machine He summarises 
his results as follows 

(a) A very important factor m a repeated 
stress test similar to that performed by the 
Landgrai-Tumer machine is the amount of 
deflection which the specimen receives When 

* hist Cw Eng Proc (supplement), 1903, and 
Engineer , Sept 2, 1904, p 227 

a “ Itepeatccl Stress Testing,’ 5 Int Assoc Test Mat 
Proc , 1912, h part u Paper Via 


the deflections aie less than 0 30 m the 
change in the numbei of cycles requited tor 
ruptuie is very great even foi small changes m 
the amount of deflection 

( b ) Impact applied to the specimen «• has 
Radically no effect upon the numbei ot cycles 
requued for rupture 

(c) At speeds of about 700 cycles per mmuto 
the number of cycles for ruptuie is slightly 
less than at speeds of about 150, but for small 
changes of speed this effect is practically 
negligible When tho deflection is small tho 
results on the same mateiial do not seem to 
be as uniform as when the deflection is about 
0 30 m or more 

(d) The condition of tho surface of the speci- 
men has an important effect upon the number 
of cycles required for rupture 

(m ) Sanley Hand Bending Test 8 — The prin- 
ciple on which the test is based is to bend back- 
wards and forwards a test piece f m diameter 
and 4 in long through a fixed angle until 
failure, the number of bends and energy 
requued for each bend being recorded The 
test is earned out on a machine, manufac- 
tured by C E Casella & Co, Ltd, and shown 
chagiammatieally m Fiq 112 A flat steel 
spring B lias one end gnpped in a vice A 



which forms part of the bedplate, and tho 
other secured to a holder C m which the test 
piece D is fixed The test piece is also held 
m a handle E, 3 feet long, by winch it is bent 
backwards and forwards through an angle of 
91 -J° located by the indicators E and E 
The energy required to bend the tost piece 
is measured by the deflection of the spi mg B, 
which is recorded on the paper attached to 
the drum Q The horizontal motion of the 
pencil H is actuated by the holder 0 
through wires L and M and the multiplying 


8 Engineering, Feb 15, 1907, p 209, Bee 20,1907, 
p 829, and Bee 27, 1907, p 882 
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pulley N The wire is kept taut by a spimg 
box 0, but this is sometimes replaced by a 
weight hanging from the wire M which then 
passes over a vertical pulley The motion 
of the pencil is proportional to the eneigv 
loquiiod to bend the test piece The diagram 
is calibrated by noting the length which corre- 
sponds to a measured pull at a known leverage 
from the point of bending ot the test piece 
The movement of the pencil holder II moves 
the drum through one tooth of a ratchet 
wheel K, which is attached to it so that a 
diagiam is drawn such as is shown on the 
dium m the illustration 

The piaclical value of the Sankey test is 
stated by Hat held, 1 wliofcanicd out an exten- 
sive senes with it, to be as follows 

ce The energy absoibed in breaking the 
Rankoy test piece is piactically irroportional 
to the pioduct of the aveiage bonding moment 
and the number of bends withstood These 
two items may be compared roughly to the 
maximum stiess and i eduction of area m the 
tensile test i e foi conditions of increasing 
hardness m geneial, the maximum bending 
moment increases and the number of bonds 
decreases It is necessary that we should 
point out that m a number of instances we 
have obtained high absorptions of energy with 
high tensile 

“ The maximum bending moment m the 
Rankoy tebt follows tho maximum stiess in 
tension fanly closely, so that tho latter values 
can ho predicted within a few tons per square 
moli from the Rankoy values Tho variation 
found m tho values of the numbor of bonds 
m the Rankoy aro rather wider and of a loss 
predi( table nature In this respect tho Rankoy 
test disciiininatcs and emphasises a certain 
quality of tho material m a manner not 
similarly biought out in other tests, except 
poihaps to some extent m tho Arnold tost 
From a knowledge of the quality of the steel, 
its analysis, etc , experience has shown that 
fairly dolmrto values of ductility m tho tensile 
test, as measured, for example, by tho 1 eduction 
of aioa, can bo expoctod nr conjunction with 
given values of tonsile stiength if tho stool is 
fieo fiotn defects Similarly tho number of 
bends m tho Rankoy tost should icaeh such 
values which with experience of tho test may 
also bo fanly definitely established* There 
are, however, several outstanding exceptions. 
It eeitainly appoais that samples, which gave 
Rankoy values well below what has been pre- 
dicted from an avorago good steel of tho samo 
tensile stiength, were m noaily all cases also 
somewhat inferior nr reduction of aioa ” 

Tire diameter of tho Rankoy test piece is 
| m and its froo length 1| m Owing 
to tire fact that the machine, as supplied, is 

1 i £at (bid and TJnncan, N B Coast Inst of Eng 
and Shipbuilders Proc , March 19, 1020 


not suitable foi steels of higher tensile stiength 
than 50 to 60 tons poi square inch, Oat field 
suggests a test pioeo 0 3 m diameter and 
free length 1] m for these steels 

Sankey 2 gives the following constants for 
inferring static test results from those obtained 
on his hand bonding machine 

Yield point (tons per sq m ) 

__ initial bonding effort m lbs ft 
G 

where C = 2 1 for steels up to 0 3 poi coni 
oaibou and 2 7 for medium caibon 
steel 

Ultimate stiength (tons per sq m ) 

__ maximum bonding effort m lbs -ft 
" l 54 

Elongation (on gauge length = 4 \/ Area) x 
i eduction of aroa 

__ number of bends 
~ jT) 

(iv ) The Upton Lewis J iou<jhic>s testing 
machine, manufactured by Tinius Olsen Testing 
Maoluno Co (English agent, Edward G 
IToibcit, Ltd, Manchester) is voiy similar m 
principle to tho Rankoy machino It is, 
however, operated by a motoi or belt di ive 
giving 250 alternations poi minute instead 



of by hand, and tho method of moasutmg 
and locoi ding the enorgy absorbed is slightly 
different 'Roforrmg to Jhq 133, whole tho 
machine is shown diagi aramatically, tho tost 
piece 0 is bout backwards and forwards by 
an arm operated from tiro adjustable crank M. 
The enorgy is measured by tbo amount of 
the compression of the springs EE, which is 

a Sankoy, Blount, and Kirkaldy, Inst Mach ling* 
Proc * May 1910 

8 American Machinist , Oct 17, 1912 
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lecorded by the bell-crank mdioatoi 0- mailing 
on a continuous recording paper H The 
foim of diagram is shown an Fig 113a 



Tig 11 BA 


(v ) (like) Investigators and Machines — Bou- 
douard 1 used a machine m which one end of 
the specimen was clamped m a vice and the 
free end vibrated The vibrations were main- 
tained electromagnetically, and the oscillations 
were lecorded optically and photographically 
Schuchart 2 tested wire under repeated bend- 
ing The wire was gripped m curved faced 
jaws and bent backwards and forwards into 
contact with the curved faces 
Huntingdon 3 applied alternate bending by 
means of an attachment to a shaping machine 
§ (79) Hardness and Abrasion Tests — An 
examination of the methods employed m haid 
ness testing shows that each of them falls mto 
one or other of two distinct categories These 
are 

(i ) Indentation tests, in which the surface 
of the matenal under test is permanently 
distorted by the pressure of a hard steel 
ball, cone, or knife edge 
(n ) Abrasion or scratch tests, in which par- 
ticles of the matenal whose “ hardness ” is to 
bo deteimmed 'aie tom away fiom its surface 
by sliding contact with some other substance 
whose corresponding resistance is so high that 
its surface remains ummpaned by the action 
If each of these methods were a measure 
of the same definite piopcrty of the material 
which is as characteristic of it as, say, its 
elasticity, it is evident that the ratio of the 
results of any two of the methods would be 
the same for evoiy material tested Com- 
parisons between the results of these various 
tests have formed the subject of several 
reseat dies which have been published during 
recent years The general conclusions as sum- 
marised by Tumor 4 appear to be that, although 
an approximate agreement may seem to exist 
between the vanous methods when applied to 
the case of relatively pure metals m their east 
or normal state yet when the resistance to 
deformation is due to tempering or to mechan- 
ical tr iatment no comparison is possible 
That this should be so would seem to follow 
from the consideration that the resistance 
which any so-called hardness is supposed to 

1 Int Assoc Test Mat Proc , 1012, Paper V. 
a Stahl und Thsen, Tuly J, 1908 
8 Inst of Metals J , 1915 
4 “ Hardness,” Iron and Steel Inst J , 1909 


measure is that which the body undei test 
exerts against a complex distribution of stress 
over its surface which has partially deformed 
or dismtegiated it, and it is evident that its 
value will depend, not on llio stress constants 
of the matenal such as its yield point, ultun tte 
tensile and shear stresses, but on mtei mediate 
stresses, the precise nature and distribution 
of which are unknown and whose latio to the 
stress constants may not be the same for tho 
same method If, thercfoio, such icsistanee, 
without qualification, bo defined as the hard- 
ness of the matenal m its broadest sonse, it 
is clear that lmidness is no moio a definite 
quality of a matonal than is tho strength of 
a piece of steel of definite dimensions In tho 
latter case, if the natuxe, amount, and distil 
bution of tho stress aie known, its i osmium o 
has a definite valuo which can bo oaluiLted 
Tho only difference between tins case and that 
of tho hardness test is that, since m tho deter - 
nnnation of hardness there jh no possibility 
of estimating the stress magmtudo and distri- 
bution, we are driven more to duett obser- 
vation of the consequences of such distil bution 
than to a calculation of these consequent oh 
from the known characteristics of tho matenal 
Mechanical phenomena of this kind are 
familiar to engmeois under other aspects, such 
as m the case of tho resistance of ships and 
aircraft to propulsion , but whereas in these 
lattor cases the problem is to determine tho 
losultant force exerted by the unknown press- 
ure distribution, m the present case, as in 
the corresponding one of tho resistance of 
materials to impact, tho unknown quality is 
the ultimate resistance of tho matenal to tho 
unknown stress distribution In all tho cases, 
however, the practical method of solution is 
an experimental one, and consists of setting 
lip a similar, or nearly similar, state of stress 
on a specimen of the matenal whoso behaviour 
is under investigation, and noting its offet Is 
II Le Chatehor says, “Tho problem Ihere- 
foro seems to bo to establish two oi three 
methods of rcforenco for hard ness, giving as 
widely different rosults as possible, so that 
hardness (which is an casout rally complex 
lihonomcnon) may bo studied under all its 
phases Afterwards, for each particular ap- 
plication the lcferonco motlrod which is most 
applicable to the conditions may bo used M 
That this view is now being accepted rs 
indicated by the development, in recent years, 
of wljat are called wear tests Ear example, 
there are wear tests for measuring the 
particular form of disintegration which takes 
place on the surface of stool rails duo to tho 
rolling abrasion of heavily loaded wheels 
The characteristics of this land of wear are 
the extremely small amount of tho lolntivo 
movement between rail and wheel and tho 
high intensity of the oompressivo stress at 
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the lino of contact On the other hind, time 
are wear tests of lubricated But faces m which 
the piessuie is lelxiivoly small and the rate of 
slipping 1 uge, and the same conditions of 
wear occur, without lubrication, with pins and 
check gauges 

§ (80) Indentation Tests — The indentation 
method of detei mining hardness has been 
applied m three ways 

(i ) By testing tho material with itself 
(u ) By picssmg (statically) a harder material 
into the matenal under test 

(m ) By pioducmg the indentation by chop- 
ping a hill- oi cono-pomtcd hammer on to tho 
material and moasuimg tho rebound of tho 
hammer oi si/o of tho indentation 

(l ) The Mata utl tested with Itself — -Reaumur 1 
m 1722 shaped right-angled piisms from two 
materials which were to bo compared and 
pi csscd them together The axes ot the prisma 
weie at 90°, and the right angled edges came 
into contact, forming a cum The relative 
hardness was measured by the depths of the 
indentations 

A Foeppl 2 used two cylindrical test pieces 
of the material whoso hardness was required 
They weie placed one on tho other, with 
then a-ves at light angles, and wero pressed 
together m a testing inachmo Eoeppl used 
tho pxessuie per unit of flattened surface as 
a measure of the hardness, bcuiuso ho found 
that tho surface of indentation was piopor- 
tionalto tho piessuie applied 

LIaigh 3 Iias recently ic-mtioducod tlio test 
with tho substitution of squaiofor cyhndneal 
oi triangular prisms Ilo gives tho baldness 
n umber as— L/Pu 2 , 

wheio L=tho load 

and R=-lho length of damaged edge of pi ism 

Reaumur, EooppJ, and Ihuglds methods are 
shown diagrammatically in Pig 114 
The necessity for the use of two test pieces 
is probably tho leason why this metliod of 
tout is not commonly applied There is, 
however, no limit to tho hardness of tho 
matenal which (an bo tested, as the tost is 
independent of tho use of a hauler material 
as an md( ntmg tool 

(n) The Matenal tested unth an Indenting 
Tool (tiatnally) —Many differ out lands of in- 
denting tool have been tried and many ways 
have been suggt sled to express tho relative 
indenting hairiness 

Calvert and Johnson 4 and Kirsch 5 * deter- 
mined tho load required to produce a 
permanent indentation of a given depth, but, 

1 I/Art do i onmhr, 1722, pp 200 and 200 

a Ann Phm Vhem GO, i m 108 

8 “ Piism Baldness,” Inti Meek ling Journ , 

CXt 1020 

* “ Hardness of Metals and Alloys/' Phil Mag 

4th senes, xvn 111 ^ 

fi Mitthalungm den 1 7c teehnolognchcn Qewerhe- 

Mutiums, Wien, 1801, p 108 


whetoas Calvert and Johnson used a ti un cited 
cone and a depth of 3 5 mm , Knsch employed 
a cylindrical plunger of 5 mm diameter and 
a depth of 0 01 mm 

Tho test adopted in 1850 by tho United 
States Ordnanco 'Department 0 was a deter- 
mination of tho volume of the indentation 
pioduccd by a pyramidal point undei a load of 



Reautnui (1722) Foeppl Haigh (1920) 


Fxu 1 l L 

10,000 lbs A volume of 0 5 cubio inch was 
taken as unit hardness 

Middloborg 7 used an melon Ling tool, in tho 
form of a curved knife edge, for studying tho 
baldness of tyies The kmfo edge was 
] inch long, had an angle of 30°, and was 
formed with an edge omvod to 1 inch radius 
Tho reciprocal of tho length of tho indentation 
under a load of 6000 lbs was taken as a 
measure of tho haidncas 

Unwm 8 also omployed a kmfo edge, hut 
m his ease it was straight and consisted of a 
piece of hardened and ground j-moh aquuro 
steel, li mclios in length Each tool thus 
had four indenting edges having angles of 
90° The matenal tested was formed into 
test bais If x ]" x 2J", and tho kmfo odgo was 
placed on tho bai at right angles to its length, 
overlapping it by } inch on each side Tho 
hardness number was taken as V/\l, 

where P -tho load in tons 

and If— tho clopth of tho indentation m 
inches 

(m ) Jit mell Ilea dims Tent — Tho metliod of 
test devised by J A Bi mell 0 111 1 900 is now 
extensively employed A lmidenod sLool hall 
is pressed under a known load into tho material 
to bo tested, and tho hardness number is 
taken ns tho stioss per unit of spherical area 
Tho reason why Brmeil used tho spherical 
area is not dear, as thoio does not appear to 
ho any advantage gamed by using it mstoad 
of the projected area (7rd 2 /4) 

fl Report on Metals for Cannon , 185G 

7 Engineering , 188G, li 481 

8 Inst Cie Eng Proi , 1807, oxxix 

0 “Methods of Testing Steel,” Inter Assot Test 
Mat , Proc , 100J (Pans), ii 81 
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If P = pi essure in kilograms, 

D= diameter of the" ball used in millimetres, 
d = diameter of the indentation in milli 
metres, 

/> = the depth of mdentation m millimetres 
(see F^g 115), 

then h=i(D - s D 2 ^? 2 ) mm , 
and the sphencal area of mdentation 

A=ttD/j=~(D- «/B*— iF) sq. mm 

The Bnnell Hardness Number =11 =P/A 
The diameter (d) is usually measured by a 
micrometer microscope By tho use of some 
forms of Bnnell instruments the depth (7q) of 
the mdentation is taken as the test proceeds 
(see § (87)) W*th these instruments the depth 
w inch is measured is 7q, and not h (see Fig 115) 
It should be noted that, owing to the rising of 



the edges of the Bnnell indentation, 7q u> not 
equal to h, and, as the amount of this sido ex- 
trusion is not the same with different materials 1 
under similar conditions, the ratio of JiJJi is not 
always constant It therefore follows that the 
hardness number obtained m this way is not 
the hardness number as defined by Bnnell 
It is found that the hardness number varies 
with the diameter of the ball, and pressure 
employed Por stnctly comparable results 
fixed values must be used for D and P The 
values standardised by Bnnell are 
D = 10 mm and P = 3000 kilograms except 
for soft materials, when a value of P=500 
kilograms mav be used 
(iv) Variation of Bnnell Hardness with 
Pressure end Diameter of Bad — 0 Benedick 2 
of Upsala showed that within the range of 
his tests the value of (Px ®'S)/A was nearly 
constant, and that with a ball of diameter 
— Di and load of 3000 kilograms BnnelTs 
hardness number =(Px v'iyiO)/A 
In order to allow for vanation of pressure, 
I Le Chateker 3 proposed the further 
codification 


1 Batson, "Hardness Tests ,” Inst Mech Eng Pn 
iov 1918, p 576 

5 Recherches physiques et physwo - chimwues , 
aaer cm carhone, Upsala, 1004 

3 Revue de Mitallurgie, 1906, m 689 
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where 11 = Bnnell haidnms number, 

P 1 —load employed m kilograms, 

A x = spherical area of the indent almn 
(calculated from tho di nuclei) 
m sq mm , 

D x = diametei of tlio Kill used 


Both tho equations suggested by Benedick 
and Lo Chatclier are cmpyiical and only givo 
approximate values 

E Meyer 4 m some published results m 1908 
showed (1) that P=w/», whore n rs a con- 
stant depending on tho material, and a is a 
constant foi a given material and given ball 
diameter, (2) that the mean pressure per unit 
area ( IP/tt^ 2 ) is constant for a given angle of 
indentation, whatever the diameter of the ball 
It follows from Meyer’s law of comparison 
that, as dl D and P/[7r<7 2 are const a at lot 
sinnlai indentations on tho same material, 
P/D 2 is also constant, 
where P= pressure, 

d ~ diameter of impression, and 
D= diameter of tho ball 


This relationship is useful where tho piece of 
material is so small that a pressure ol 8000 
kilograms cannot bo applied with a 10 nun, 
ball Jt is then only neeossaiy to uso a 
smaller ball and a load deter mined by tlio 
abovo relationship to obtain the standard 
haidness number required, thus, if a ball 5 mm 
cbametei ( -^D-Jis used, tho load to bo applied is 
_ PxP L 2 _3000xr> fl 
~ D 2 ~ "10* 


~ 750 kilograms. 


Borne results obtained bv Baker 6 and given 
in Tablo 31 show remarkably good agreement 
of tho hardness numbers obtained m I his w r ay 


Tablu 31 

Comparison oir Brinnll 1 Iahdnioss Numb j:hh wuion 
usinq Balls or Piiwimutn 1 Dumistmus 


Steel 

Diameter, 
of Ball in 
nun 

Diameter of 

J mproHSkm 
nun 

bond 

kg 

Orl sell 
No 

A 

10 


3000 

85 


7 

4 4 

1470 

85 


5 

3 13 

750 

87 


1 19 

0 748 

42 5 

80 

B 

10 

4 75 

3000 

15!) 


7 

3 33 

1170 

158 


5 

2 3 5 

750 

103 


1 19 

0 567 

42 5 

368 

0 

10 

3 48 

3000 

300 


7 

%2 43 

1170 

308 


5 

1 76 

750 

310 


119 

0411 

42 5 1 

3J1 


: JJwucn* Jng , i nos. p (MG, 

e Inst Mech Eng Proc, Oct 1918, p. 540. 
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(v ) Hi e of Test Piece and Effect of Time on 
the Results and the Applications of the Bnnell 
Haidness Test — II Moore 1 found that 

(1) The depth of the indentation m a Bnnell 
test should not be gieatei than 1/7 of the 
thickness of the test piece 

(2) The centre of the indentation should 
not lie less than 2 j times its diameter from 
the edge of the test piece 

The time duimg which the pressuro is 
applied is impoitant It is found that the 
time effect is most maiked up to about 10 
seconds’ application of the load, but after 
about 10 seconds the effect is very small 
Consequently it is usual m specifications to 
draft the Bnnell haidness test clause as follows 
“ The Bnnell haidness test, where specified, 
shall bo made with a 10-mm diametor ball 
and a load of 3000 kilograms, which shall be 
maintained foi not less than 15 seconds Prioi 
to testing, the slun of the sample shall bo 
removed by filing, proper grinding, or machin- 
ing at the point to bo tested ” 

Among the most important applications of 
the Bnnell test aie the following 
(l ) Box rapid control of chemical carbon 
determinations dunng iron and stool smelting 
(n) Bor testing finished articles without 
damaging tiro same such as rails, tyios, 
armour pi lies, gun-barrels of all kinds, struc- 
tuial steel, oto 

(ni ) For examining the nature of tho 
m atonal m entiro or bioken parls of machuieiy 
wheio the making of a tensile test bar is 
impossible 

(iv ) For testing tho degree of hardness and 
softness obtainable by tho thermal treatment 
of any steel 

(v ) Foi testing uniformity of temper 

(vi ) For ascertaining the effect of the nature 
and temperaturo of various hardening fluids 

(vu ) Foi studvmg the effect of cold working 
It lias been shown by numeious observers 
(Ast, Biouil, Bnnell, Ohaipy, Minor, Lo 
Chatehoi, oto ) that theio is a close lolation- 
slup between the Bnnell hardness nuraboi and 
the ultimate tensile strength of a material 
Miner 2 flnds that, m tho caso of steel, 
tensile strength m tons/sq m =Cx Brin ell 
haidness numbei Tho values of “ 0 ” aie 
as follows 


InhuiU l r in ilm hh 
N o 

Valuo off 1 Bull 

Pi ensure nonrial to 
tho l>h«ilUm n£ 
ItolllliK 

Vftltio of “ a " Bull 
lhotwmo in tlio 

I > Intel! on of tlolllny 

Below 175 

0 230 

0 225 

Above 175 

0 219 

0 206 


1 “Investigation on the BrinoU Method of deter- 
mining tlaulness,” Inter Assoc Test Mat Proc , 
1909, No 9 , , 

3 “ UeseaidieR concerning tho Relation botwocn 
Baldness Number and Tensile Strength,” Engineer - 
uiQi Nov 9, 1900, l) 638 


Unwin 3 deduced the following constants 
fiom a table compiled by Iiadficld 
T — 0 2H -p (>, 

Y=0 23H - 13 % 

where II is the Bnnell number (m kilogrammes/ 
sq mm ), 

T = Ultimate tcnsilo stiength m tons pei 
square mch, 

Y = Yield stress m tons per square mch 

§ (SI) Brinell Hardness Testing 
Machines — The Bnnell hardness test is quite 
conveniently earned out m any machine m 
which a inessuie of 3000 kilograms can be 
accurately applied, such as a universal testing 
machine having ») com])rossion attachment, by 
the nso of a special tool fox holding tho ball 

Special machines liavo, however, been 
developed for the 
purpose, and 
these aio of two 
mam typos , 

(а) In which 
the load is applied 
by oil piessuro 
and measured by 
a pressure gaugo 
or dead -weight 
control 

(б) Bead-weight 
or level machines 

(1 ) Jackman 9 * s 
O il Pi essure 
Bnnell Machine 
— An example of 
the first typo of 
xnaoluno is shown 
in Fig 116 This 
is the apparatus 
supplied by J 
W Jackman & 

Co , Limited, 

Caxton House, 

Westminster, oi 
the Aktiobolaget Alpha (Sweden) design 

Tho ball Kf is attached to tho downwardly 
acting ram of a hydraulic pi ess Tho tost 
piece is placed on tho adjustable table S, 
and is laised into contact with tho ball by tho 
lmnd-wbcol r The pressure is produced by 
a small hand-pump, and may bo road dnoctly 
m kilograms on a piessuro gaugo Tho 
machine is also primdod with a dead-weight 
conti ol consisting of a piston, accurately 
fitted without paokmg, oartymg a cross bar 
j, small oylmcler a, and weights p< The 
small cylmdol is connected to tho top of tho 
press so that the intensity of pressure is tho 
same on the piston as on the ram The 
maximum pressure is regulated by tho weights 
p, and when this pressuro is i cached the 

a " Mechanical Properties of Materials,” Inst M ec/i 
Eng Proc , Oct 1918, p 432 
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piston rises in the cylinder The picssuie 
remains constant as long as the piston et floats,” 
loinnng a small hydraulic accumulator 

The small piston is formed by a steel ball, 
and the piston rod has a cup -shaped end 
which presses on the ba 1 ! 4ny leakage of 
oil past the piston is collected m a icceptaclo 
d, fiom which it is returned to the reseivoir 
thiough the funnel t 

The pressure is released by opening a valve 
o which connects the top of the pressme 
chamber with the leseivou 
(n ) Avenjs D&ad weight JBnnell Machine — 
The auangement of this machine is shown m 
Fig 117 The specimen is placed on the 


!•> then sciewed up tight Iv, to secuie tho 
locking plate / and pi event the lotation of 
the sciew The pressuie is then applied, by 
means of a woim and wonn-wheel h opei ited 
by the laige hand-wheel g at the side of tho 
maclnne The weights p ate “ set ” foi the 
prescribed load, and the lifting of the steel- 
yards indicates that this load is applied 

The system of lovers for measuung the 
pressuie is that adopted by W & T Aveiy, 
Ltd , Bnmmgham, m all their platform 
weighing machines, and is found to bo ex- 
tremely sensitive to small differences of load 
The leverage of the machine can bo obtained 
directly by measurement, but it is also 
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weighing platen «s, and if of any considerable 
m/o its weight is *' taied oft ” by moving one 
of tho sliding poises c upon the weighing 
steelyards until tho weighing system is 
balanced The ball h is then brought into 
contact with the tost piece by lowering the 
screw by which the pressure is applied This 
is done quickly bv unscrewing tho thumb- 
aoiew A at the top of the standard, and 
revolving the screw by the small hand-wlieel 
d which, is keyed to it The thumb-screw 


calibrated by dead - weight loading on the 
platens s 

§ (82) The Johnson Hardness Testing 
Machine (manufactured by Blown Baylcys 
Steel Woiks, Ltd , Sheffield) — This machine 
has boon devised to ensure rapid and accmato 
working and at the same time withstand rough 
workshop use, require pi ac tic ally no attention 
or adjustment, and be easily movable liom 
place to place without detriment Tho total 
weight of the machine is only 100 lbs , and its 
ovot -all dimensions are 28 x 22 x 9" It will tako 
test pieces 4J m thick, and the indentation 
can bo made at distances up to 3£ m fiom 
the edge The arrangement of the machine is 
shown m Fig 118 

(i ) Description of the Machine — Piossuro is 
applied to tho steel ball A by moans of 
the lever B and ball-bearing eccentric 0 
through the single lever D and screw E 
The other end of the lever I) is he]d by an 
eccentric m ball-bearings F, to one of which 
is attached the lever Cl and weight H 
The weight H is laised by the eccentric F 
when the pressure on the ball A leaches 3000 
kilos, and any further movement of the 
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nng level B tending to apply further 
ro on the ball only results m raising 
sight still more 

Jllelhod of making Test — The specimen 
Tested (which must luu e a - smooth Jlat 

o) is placed on the table 

lie adjusting screw E is 
L>i ought down until tho g 
k>all A rests on the pre- 
surface of the specimen I 

lever B is then pulled J-T 







tho othci nose cat lying a cylinder htted with 
a piston, at the back of which is a spring The 
end of the piston stem projects a short distance 
and carries a small hardened steel ball B ( ,*V m 
diameter A locking arrangement L enables 
r— > one to adjust tiro compression on the 
^ spring, the usual pressure being 22 lbs 
To operate the instrument, the speci- 
men is placed between the anvil and the 
ball, and tho plior handles are grasped 
* and tho piessuie applied This bungs 
ts the specimen into contact with the ball, 
^ and foiees tho ball and piston back 
until the surface of the specimen comes 
j- into contact with the face 

— i? — Q through winch tho ball pro- 

— jeets Consequently, the 

r) actual pleasure between tho 
> f ball and the specimen is quite 

jndependont of the piossuro 
^ exerted by band 
>. The diamctei of the in- 
dentation is meisured nnero- 

seopically and tho readings 

aro qurto del mite, even on 
hardened spnng steel 
The instrument found extensivo use 
controlling tho manufacture of siuall- 
y„ arms ammunition It has also been 
om ployed foi measuring tho skin haul- 
t ness of many vaneties of 

i lm( j ono( i R | 00 i ar [, 10 i cs 

e ! ^ (84) Smatl MACtimra 

| foe TEsrmu tiie Brito ll 
I IIarbness of Thin Sheet 
— Coodalo and Banks 1 de- 
veloped a “Baby” Bimell 
maohmo for testing thm sheet, using a ball 
t 1 ,! m m dramotor and a load of 15 kilograms 
They found that great care bad to be exorcised 
m tho manner m wlueh the load was applied 
Two methods of operation wcio tried, viz 
(I) The test piece was placed on the anvil 
and tho ball pressed on to it until sufiroiont 


aid until the weight II uses, allowing 
pawl J to fall into the toothed sector 
winch will automatically prevent any 
ler movement of the lever B The 
may be kept on fox any desired length 
ixxio by moans of the retaining pawl L, 
is moved in and out of position by 
ns of the knurled handle M* In order 
si ease the pressure the lover B is replaced 
original vertical position and tho acljust- 
aerew E raised 

(S3) Brinell Pliers — For ascoi taming tho 
a ell hardness of small and thm specimens, 
x as cartridge cases. Budge Whitworth, Ltd , 
g devised a hand instrument which they 
dBnnetl pliers They are shown m Fig 139 
consist essentially of a pair of pliers one 
b of which serves as an anvil ioi supportmg 
cartridge case C or specimen to be tested, 


pressure was exerted to iaise the balance beam 
(2) The test piece was forced, under a given 



no ”119 


load, into contact with tho ball The ball 
remained m a fixed position 
The second method gave smalloi and moio 

1 " Development of Brinell Hardness Testa on 
Tliin Brass Hhect,” Amer tioc Test Mat \i\ 758 
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consistent results thin the first, «md was 
therefoie incorporated in the design ot their 
final machine The load was applied by a 
dead weight of 15 kilo 0 , and the diameter of 
the impression was measured with a metal- 
lurgical mieioscope with a 16-imn objective 
and a filar miciometei typo of eye piece 

Similar work has been earned out ui Eng- 
land , 1 the bail used, however, was I mm 
diameter 

It is essential for the measurement of small 
indentations that theie should he vertical 
illumination 

§ (85) Tiie Lttdwik Hardness Test — In 
order to overcomo the \anation m the Bimell 
hardness number with load and sizo of ball, 
Ludwjk 3 proposed substituting a 90° cone for 
the ball, and this foim of indenting tool is 
now often used on the Continent fox the softei 
metals The hardness number is obtained by 
means of this test m the same way as with 
the Bimell Test, % e the test load m lalogiams 
is divided by the surface of the conical in- 
dentation m sq mm , so that if 
B=tlio load, 

and d= diameter of indentation, 


Hardness number =11 = - -- ~rrrir>\ 
r(d^)x(dj s /2) 

=0 9(P/^ 2 ) approximately 
With this apparatus the haidness numbei is 
the same whatever the load chosen, if the 
material is homogeneous 
§ (80) Measuring Microscopes for Hard- 
ness Tests — Eoi commercial woik the 
diameter of the indentation is measiued to 
the nearest 0 05 mm , and for this purpose 
a microscopo with a scale m the eye piece 



Em 120 


is usually supplied with the Bn noil apparatus 
To facilitate the reading of impressions made 
m corneis or below the general surface of the 
specimen, the nuciostopo is sometimes pro- 
vided with a special adaptable piece 
For research work an accuracy of 0 001 mm 
is essential, and an instrument such as is 
supplied by the Cambridge & Paul Instru- 
ment Co , Ltd , and shown m Fig 120, is 


* Moore, “A Small Ball Hardness Testing 
Machine, 5 Inst Mech Ena Journ , Jan, 1921 

1 '* Hardness Tests/’ Inter Assoc Test Materials 
Proc , 1908, Ho 6 


necessiry for the pm pose It consists of a 
microscopo M clamped to a tube B wludr 
is supported by tho framcwoik of the instill- 
ment and can be tiaveised by tlio milled- 
headed screw 8 liaung a pitch of one milli- 
metre The microscope is fitted with an eye- 
piece containing cross-wnes and is provided 
with a special focussing mechanism 

§ (87) Depth Indicators for Hardness 
Tfsts — In order to dispenso with the rise ot 
a microscope tho depth of tho indentation can 
be measuiod dmmg tho test by means of some 
form of depth indicator Instruments of tins 
type, which can bo used m any compression 
mxclnno, arc supphod by Alfred J Amslei & 
Go, Schaffhouse, 1 oi tho Scientific Matcnals 
Company , Pittsburgh 

Tho depth ft t (Fig 115) is measured 
relatively to the original smfaco of tho tost 
piece This excludes tho efioot of tho o\li iisron 
round the indentation, and as tho amount of 
plastic flow vanes with diilomrt metals and 
different piessuios tho haidness numboiH 
found m this way aio not proportional to tho 
Bnnell numbei s ob lamed m tho usual way 
f loin the diameteia 

§(88) Impact of Dynamic Hardness — 
Numorous methods have been devised foi 
measuring indentation baldness by tho m/o of 
the indentation pioduced by energy of known 
amount This method is complicated by a 
consideration of tho effect of the rebound of 
the indenting liammor , and them is nditlcucnco 
of opinion as to whether tho initial enoi gy of 
the blow or the not energy ahsoibod m pro- 
ducing tho indentation should bo considered 
m calculating the results 

Edwards and Wilhs 4 used tho initial energy 
m calculating tho results m thou losoauh on 
impact haidness Unwin, 5 on tho other 
hand, is of opinion “that thoro should bo a 
single impact and that tho cneigy of rebound 
should bo deducted from tho cnotgy duo to 
the height of fall m calculating hardness Ho 
doubled tho method of permitting successive 
impacts till the onorgy was expended ** 

A dynamic hardness test was propounded 
by Mai tel 6 m 1895 ILo used a pyramidal 
point as the indenting tool, and producod tho 
indentation by tho fall of a ram on to tho tool 
Martel found 

(1) That the work of tho falling ram was 
proportional to tho volume of tho indent, and 
ho therefore expressed hardness as tho work 
required to produce unit volume of indentation. 

(2) That for equal energies of blow tho 
volume of tho indentation was nearly tho same, 

8 Primrose, ‘‘Hardness Testing/* Inst 21 lech Ena 
Jow n , Oct 1920 

1 Inst Mech Eng Proc, May 1918, pp 335-390 

B <l Hardness Tests/’ Inst Mech Eng Pioe . 1918, 
p 578 

0 Commission des Mdthodcs d’Essais dcs MaUnaux 
de Construction , Pans, 1805, Beet A, p 201. 
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^ lien, using indenting tools of slightly dtifoicnt 
foim 

The author eaincd out a suits of o\pou 
ments 1 which confirmed tho lust of Mutel’s 
conclusions He showed fuithei that, when 
using a 10-mm diametci ball, tho iutio of 
the dynamic hardness numbei to tho .Bimoll 
h.udnoss numbei was approximately 1 5 ovci 
a range of Bnnoll baldness fiom 20 to 680 
The dynamic baldness numbei was taken as 
being equal to Iho net eneigy m kilogiam 
metres divided by the volume oi the indenta- 
tion m cubic centnneties 

The dynamic method is useful for deter- 
mining the indentation baldness values of 
metals at high tomporatuies, uncloi winch 
conditions tho stands id Bimell Test cannot 
bo conveniently earned out The indenting 
tool in the dynamic test is in contact with the 
specimen for such a sluut interval of tune that 
it is not appieciably affected by tho heat 

§ (89) Dynamic Hardness Testing 
Machines — A moving anvil block is supplied 
by W & T Aveiy 2 to adapt then Izod pen- 
dulum impact machine (see § (100)) for dynamic 
haidness tests 

§ (90) The Pellin BArdness Testing 
Apparatus 3 is made m Pans by Pb & F 
Pelbn, and is specially designed foi dctei mining 
the hardness of tlnn materials The indenta- 
tion is produced by a falling bar of known 
weight having at the lower end a steel ball 
2 5 mm m diameter Tho 
release of tho indenting tool is 
ai ranged electi omagneUcally 
§ (91) The Auto Punch, 
designed by Rudgo Whitwoi 111, 
Ltd , and shown m Fig 121, 
is a convenient and service- 
able form of impact haidness 
tester It was originally 
designed for testing case- 
hardened surfaces, but has 
proved valuablo m testing 
materials of eveiy grade of 
hardness, even jmio lead 
It consists essentially of 
a 1mm led hollow cylinder C, 
fiom one end of which pro- 
jects a plunger P which ends 
m an adaptor and cap lor 
cairymg a J-xnch hardened 
steol ball B Tho other ond 
Pig 121 of tho Auto Punch is closed 
by a serow-m end, m which 
is fixed centrally a pawl-operatmg rod -{ x 3 m 
long, the object of which will appear shortly 
Behind the sliding hammer is a spring which, 
m the case of the 12-mch Auto Punch, 
requires about 150 lbs pressure to compress 

1 Batson, “Hardness Tests,” Inst Mech Eng 
Proc , Nov 1018, p 670 

2 Engineering , xuv 353 

0 Ibid , April 20, 1917, ciil 374 


it A b inch Auto Pum h spung iequnes 
about R) lbs Tho inlet mil mechanism is 
shown m Fit/ 1 21 a The plunger is reduced 

to about ] inch cliimetci foi about 1 7 inches 
at its inner end Tins part ol the plunger is 
small enough to 
pass light thiough 
tho hole m tho slid 
mu hummei, and 
will do so when 
the sliding pawl is 
moved sideways by 
tho pawl-operating 
lod already l cloned 
to 

When the Auto 
Punch is not m use 
the inner end oi the 
jilmiger rests on tho 
pawl in tho sliding 
hammer When tho 
ball is ajipliecl to 
tho ai tiele to bo 
tested, and the 
knuilcd banel of 
tho Auto Punch is 
ju eased towai ds tho 
aiticle, the hammer 
is forced back, com 
pi easing the spring, 
and continuing to 
compress it until 
tho tapor end of 
tho jiawl-ojioratmg 
rod presses tho 
jiawl to one side, 
andadlowH tho com- 
pressed spung to 
duvo the hammer 
forward until tho 
fiont face of tho 
latter sti ikes the 
ond of tho huger dmmotei jmit of tho plnngoi 
The kinetic energy of the hammoi is, oi course, 
ml up to the moment of its release', so that 
however rapidly or slowly the Auto Punch 
may bo worked, tho onergy of the sliding 
hammer will bo the same This energy will bo 
used up mdofmmmg and heating the hammer 
and plunger whore these stake one another, 
also tho specimen and ball Although the 
energy of tho hammoi is ] medically constant, 
tho proportion oi the total eneigy delivered to 
the specimen vanes according to the hardness 
oj the specimen The setter the specimen, 
the greater is iho proportion of tho total 
energy spent m deforming it 

The diameter of tho indentations produced 
by the Auto Punch follow those produced by 
tho Brmell tests on tho same class oi material 
If a Bnnoll Standard Block is employed to 
check from time to tune tho readings of the 
Auto Punch, the latter instrument can bo 
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used as a quick way of ascertaining the 
approximate Bimoll baldness In cases wheiu 
an Auto Punch is used to ascertain whether 
deliveries are to the specified Brinell hardness, 
it is wiser to use the Auto Punch as a “ work- 
shop 5> gauge, and to employ the Brinell 
machine as an “ inspection ” gauge on all 
specimens which the Auto Punch shows 
to bo neat one or othex of the limits of 
hardness 

§ (92) The Shore Soleroscope 1 is a rehound 
instrument for measunng hardness A small 
diamond pointed hammer about | inch long 
and { inch diameter, weighing A 0/ » allowed 
to fall fieely from a height of 10 mchos Tiro 
height of lehound of the hammer is measured 
against a scale, graduated into 140 equal puts, 
and is taken as a measuio of the hardness 
The shape of the diamond striking point is 
slightly spherical and blunt, being about 0 020 
inch m diametei 

The mstiument is one which depends on 
the production of a permanent indentation 
by this point, the rebound being diminished 
by the woik expended m pioducmg the 
indentation With rubber no permanent 
indentation is produced, and the height of 
rebound is the same as that from a modeiatcly 
hard steel 

The instrument is provided with an ingenious 
automatic head by means of which the hammer 
is lifted and released by air pressure from a 
bulb 

The Scleioscope and Bimoll hardness scales 2 
have been shown to be generally closely related 
throughout the hardness range The Bnnell 
hardness number divided by six is approxi- 
mately equal to the Scleioscope number , the 
ratio apxiears to increase from 5 3 foi soft 
stoels to 8 0 for materials of over 700 on the 
Bnnell scale The applications of the Sclcio 
scope aro theiefoie similar to those enumerated 
for the Bnnell test m § (80) 

The Scleioseopo readings have boon found 
to bo slightly dopendont on the sizo of the 
piece tested This vanation can bo con- 
siderably reduced by clamping the test jneco 
to a firm foundation Most maienals are 
mechanically hardened by indentation It is 
thoicfoio important to ensure that tlic material 
is not tested twice on the same place, otherwise 
high results aro obtained 
§ (03) Abrasion or Scratch Tests — T he 
abrasion tost has been applied m three ways 

(1) As a scratch lest 

(2) By drilling or grooving with a hardened 
steel tool or diamond 

(3) By wearing away with or without an 
ubi asive 

1 “ An Instrument for testing Hardness,” Amen- 
ran Machinist, 1007, \\\ 84 r >, also “The Sciero- 
acopcy * Amer Soc TeV Mat Pi or , 1010, x 400 

2 Stanton and Batson, “Hardness Tests Re- 
seartli,” Inst Mech Eng Proe , Nov 1910, p 093 


^ (94) The Scratch Test — The sci ate h test 
lias been frequently used m conjunction with an 
mdentation hardness test In 1722 Reaumur J 
used both methods As an indication of 
scratch hardness ho tested metals against a 
bar whose hardness moi eased fiom one end 
to the other , the position on this bai winch 
the metal under test would scratch indicated 
its hardness Mohs 4 was the first to give a 
scratch hardness scrle, winch is still largely 
used by mineralogists Ten mmeials were 
arranged m order from 1 to 10 in such a way 
that each would scratch the one next below 
it on tho hst Talc was taken as having a 
hardness of “ one *’ ancl diamond a baldness 
of “ ten ” 

( 1 ) Turners Sclerometer 6 — In this device 
a balanced lover is — 

(1) Provided at its free end with a diamond 
point fixed m a vertical pencil 

(2) Loaded with a sliding weight and cali- 
brated m order that tho sliding weight can 
he set to represent known weights at the 
point 

(3) Supported m such a way that it can be 
rotated 

Tho baldness number is tho smallesl weight 
m grammes which will produce a saatch just 
visible to tho naked eyo on tho smoothed and 
polished surface of tho specimen 

A senes of scratches aro nraclo with ckmuush- 
mg weights, and the hardness is taken as the 
moan between the least weight which will 
produce a scratch and tho groatesi weight 
which will not produce a scratch 

A Martens, 0 m order to make tho test more 
definite, defined tho scratch hardness number 
as the load m gi amines under which a conical 
diamond (90°) pioduces a scratch 0 01 mm 
m width 

(ii ) A L Paisons 7 furthor modified the 
Scloiometcr by applying the load on tho 
diamond point by a spang m such a way that 
tho pressure increased as tho point was drawn 
across tho test piece The place at which the 
scratch commenced was noted, and tho corre- 
sponding load was taken as the hardness 
number 

(m) The Quadrant Scleiometer — 'This 
mstiument has been devised m the Budge- 
Wlutwoi th Laboratory The method employed 
is to apply a haidened edge or senes of hardened 
edges to the surface of the test piece in such a 
direction that slipping ensues until they “ bite ” 
the surface of the article 

Tho instrument is made m various types 
for testing either flat surfaces, pms, or the 

3 L’ait da Convcrtv , 1722 pp 296 and 299 

4 Grundnss der Miner alagie> 1822, part i p 
374 

8 Birmingham Phil Sac Proc v part ii , 1887 

0 Sitzungsbenchle des Vereme? zur Befdrderung 
cles Qeiverbfleis'ies, 1888, p 41, and 1889, p 197. 

7 Amer Journ oj Science , Feb 1910 



inside of cylindrical surfaces 
a pm under test 
Two specially cut flat rods 01 (iks F, and h\ 
are employed, and the upper one js raised until 
it mates an angle of about 80° until the lower 
The pm P la then placed between them and 
the “ file ” loweiccl until it “ kites ” the pm 
The angle at Una point is an mde\ of the 
seiatch haidnoss of the aiticle 
The theoiy of the instrument has been 
worked out by IT L lleatheotc, 1 who lias 
shown tint the angle is practically independent 
of the weight and bi/o of the article to bo 
tested A soft bai holds the top file up so 
that it makes an angle of about 70° A hard 
bai will not hold tho top hie up until the 
angle fills to about 15 to 20° Hardened and 
tempered bars give readings between 20 and 
70°, accoiding to then sui face resistance to 
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gave the nUmbcf/xf rot aliens of tho point to 
reach a i i hardness ^JBatTcii 
and Keep fi l)C%h 


Fig 122 shows 



Pi a 122 

abiasion Tho instrument can also bo em- 
ployed for measuring the coefficient of faction 
between one matenal and another, one being 
attached to, or substituted fot, tho upper aim, 
and tho othei foi the lowoi 
§ (95) “ Drilling or Grooving ” IIard- 
nioss — S Bottono 2 measuiod tho resistance 
to wear as the time lcquiiecl to pi educe m the 
raatoiial a out of dchinto depth with a soft 
non disc rotating at constant speed and pressed 
with constant force 

A Haussner 3 defined cutting haidnoss as 
the resistance, per square mm , to planmg, 
when using a cutting angle of 90° 

Jaggar 4 * rotated a diamond point under 
constant pressure and at a uniform rate, and 

1 Iron and Steel Inst Journ , May 1014 

8 “Relation entie le porcls atomique, Jo poitls 
spdcifique et la duretd dcs corps,” Chemical News, 
1873,]) 215 

8 “ Pas Hob pin von Motallcn,” Mitt dcs l A 
technolog Gewerbe-Museums, Wien, 1802, ii 117 

4 “ A MicrohUeromoter,” Amer Journ of Science , 

Dec 1897, iv 399 


the Kile at willed ^ fetfkNifij?/ tunnrng at 
(onstant speed and itndcnHioHMUint prdsime, 
drills tho m itcu i til 

§ (9b) Wear Tenth (a) Using an abradant 
or in abrading wheel (ptuo abiasion)- — Felix 
Rohm 0 used cylmducal specimens (50 mm 
diameter), winch lie nibbed uucloi known 
piosauio on papois coveiod with abiasivo 
powdeiB Tlosuvall 7 defined abiasivo baldness 
as equal to (1/loss of volume), by grinding 
with an abiadant Behrens 8 used a standaid 
powder and measuiod baldness by tho time 
required to polish 

Gary 0 cletei mined the resistance to wear 
by tho amount of abiasion caused by 
a sand-blast, and experimented chiefly 
with stones, ariilieial minerals, mul timber 
W if Warren 10 also used tho sand-blast on 
timber 

Janneta/ and Ooldbeig, u and fltoughton 
and Maogiegor 12 measured the comparative) 
loss by grinding Tho hitler, who also earned 
out indentation hardness tests, found that 
tho two methods gave different comparative 
results 

( b ) Wear by sliding lubucatod abrasion — 
Denlion 13 eonstiuoted a machine nr which a 
specimen was pressed on to tho ciicumfoionco 
of a polished wheol turning at a speed of 
3200 revolutions per minute in an oil bath 
Tho wear was measured by tho loss m weigh l 
or reduction xn diameter m thousandths of 
a millimetre affor 2,000,000 turns of tho 
wheel 

(c) Wear by diy rolling abrasion — San it or 14 
devised a machmo for testing tho wearing 
properties of rail steel under dry lolling abra 
sion In tins method the specimen (A), A 
inches Jong and 0 5 molr diameter, was fixed 
m a chuck ( B, Fig J 23) revolving at 1000 r p.m , 
and coined near the free end a ball-bearing (Oj, 
of mam diameter 1 moll, loaded to produce a 
prossiuo of 205 lbs at tho point of contact 
The inner ring of the ball-bearing (1), JJ mob 
wide) was rotated by Jj return by the test piece, 
causing the* latter to wear Tiro resistance oJ 
the mate tnd to rolling abrasion was taken as 

6 Keep, “Hardness or the Workability of Metal bT 
A mcr Soc Mcch Bng Tunis , Doe 3900, abstract hi 
Iron and Steel Inst J , 1001, i 400 

0 Iron and Steel hist J , 3010 

7 Verhand l A aeol Rnchsanslalt, 3806, xvli 475 

8 Anleitung znr mikrochemischen Anahjse, 1895 

0 Baumalcriahenl unde, x 1 3(5 

10 “ Strength* Elasticity, and othei Properties of 
N 8 W Hardwood Timbers,” Report Dept oJ 
Forestry, NSW , 1913 

n Assoi Franc v VAvanc d Sc , Aug 0, 1895 

18 “ Hardness Tests,” Amer Soc Test Mat /hoc, 
303 3 , \i 707 

18 Bee Nusbaitmor on “Notes on Abrasion Tests on 
Metals,” Inter Assoc Test Mat Proc , 1900 

14 Iron and Steel Inst J , 1908, hi 73 , also Inter 
Assoc Test, Mat Proc ii No 9, paper in / 1, 
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being inversely pioportional to the 1 eduction 
m diameter m ten-thousandths of an inch 
after 200,000 i evolutions of the test piece 

A similar test wis used by Stanton and 
Batson 1 for a senes of experiments on hard- 
ness tests The dimensions of the test piece, 
etc , were made slightly larger than those 
employed by Samter 

It was shown that the resistance to rolling 
abiasion was approximately piopoitional to 
the ball hardness number, but that the com- 
parison was not a safe one, as there wero 
frequently cases m which a considerable de- 
parture vas found from this ratio, e q man- 
ganese steel which i\as well known to be 
susceptible to hardening under pressure The 
results confirmed Saniter’s conclusions, and 


showed that what was actually measured was 
the resistance to disintegration of already de- 
formed material, and that tins resistance 
depended on the amount of deformation pro 
duced, and had httle relation to the material 
in the unstrained condition The method, as 
a means of predicting the relative resistance 
to wear under conditions of rolling abrasion 
with heavy loads, was comparatively rapid and 
gave the information desired 
(d) Wear by dry sliding abrasion —The 
Samter test was earned out with high pressuie 
and very small relative motion Stanton and 
Batson 1 also carried out a senes of tests on 
dry sliding abrasion, in which the amount of 
relative motion was large and therefore coire- 
sponding to the wear of pms, collars, etc 
This was done by connecting the abrading 
ring (diameter =D) to the chuck by means of 
an Oldham coupling, so that both nng and 
specimen (diameter =d) completed a revolu- 
tion m the same tune, the line of contact 


remaining fixod relative to the machine The 
slip per levolution was then ~7r(i) -d) m< hes 
The results indicated that iheie w ih vei v Ill'll* 1 
hardening of the suifaeo of the maternal undei 
these conditions, and that the Bnnell hai dnews 
number was not a safe 4 guide m pi edict im* the 
relative resistances to weai of a mtHeollaneous 
selection of steel 

§(97) Impact and Notch un But Tuspino 
— There is no doubt that the IuihiLo tost , as 
usually earned out, does not give all (ho m 
formation about a mateiial it is essential (hat 
an engmeci should know A < aretul ov.wmn i» 
lion ot a complete load extension dt igtnm, 
however, ic veals diftoioncos, such ms ihoHO duo 
to heat treatment and mechanical treatment, 
not disclosed by an oidmaiy teiiHiIo test, hut 
the* analysis of such 
dmgi tins mpuies 
eonsidiunble ex- 
perience* 

It Iirh, occasion. - 
ally, been found 
— that a material 
Bail- which has satiHlai- 
Caf/iQi touly passed the 
ordmaiy tensile tent 
fails m practice m 
a manner which 
cannot houecoun ted 
foi hy cirmH m de 
sign Investigation 
has shown that, m 
some eases, pavln of 
machmeiy winch 
havo failed in tins 
way havo boon sub- 
jected to shocks 
Co nsoq u on t ly, 
various methods of test have been devised to 
give a definite indication of tbo shock-iemst uig 
properties of materials 

§ (98) Notched Bar Tests.- Eieodom from 
the tendency to ciaok at sharp comtvtH, when 
the vanations of stress ate eouHidoiahlo, ih a 
property which is very desirable m mat cum is 
for engmeeung work In order to obtain tins 
information about materials u bnttlonc hh " 
tests, m which the test i>jooo is notched ho as 
to limit the piano of fracituio and the con- 
traction of area, aio emp loyod. 

These notched bai tests aio made in tension 
or bending The tost piece is usually bioken 
by a smgle blow m impact, and the energy of 
fracture obtained directly from the Iohh of 
energy of the striker 

In 1909, Charpy, 2 ui a report on impact tests 
on metals, shows that a static tension test m 
more efficaciously supplemented hy a notched 
bar bending test than by any other tost, and 
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Ins results seem to indicate that the notched 
bar bending test gives information legaidmg 
the fragility of materials which otliex tests do 
not easily furnish Ghaipy m the saino repent 
shows that materials which give good xesults 
with this impact test have stood well m 
practice, whcieas the same class of matenals 
giving low values jail, although the icsiilts 
fiom the ordmuy static tensile test is the 
same m both cases 

The ongmatoi of this method of testing 
appeals to have been M Baiba of Lo Ciousot, 
who m 1900 descubcd tlio lesults of lus e\- 
pemnents on the detection of bnttloncss m 
steel h} tests on Hat specimenb, notched with 
a 45° notch on both sides to 0 35 times the 
thickness, the i ichus at the bottom of the 
notch being 0 2 mm and the total width of 
the specimen 30 mm The specimen was fixed 
m a hoiizontal position between puvs, with 
the notch directly over the edges of the jaws 
and having a piece of the specimen 25 mm 
long projecting from the jaws This pieco 
was struck by a falling weight of 18 kilo- 
grams Each specimen was provided with 
a liumbei of notches at spaces of 25 mm along 
the specimen, and by making a senes o± tests 
at different heigbls of fall it was possible to 
piodict the energy of blow which would just 
break the specimen 

It was soon reilised that this method of 
testing revealed maikcd dilleicnces m the 
behaviour of matenals which wore not de- 
tected by the ordinary tensile test, and other 
investigate)! s (Le Chatehor, (‘harpy, Element, 
etc) carried out cvponments, the results of 
which were communicated to the Congress 
of the International Association of Testing 
Materials held at Buda Eesth m 1901 

The leporfc of a commission, ap| x anted at 
this congross to investigate the notched bai 
test, was discussed at the congress held m 
Brussels m 190b, but no advanco was made m 
the matter of standardisatron except an ex- 
pression of opinion that the test gave in- 
teresting information Tho German Associa- 
tion for Methods of Testing Materials 1, here- 
upon took the matter up and issued a report 
m 1907, m which they recommended the Chatpy 
method of testing. This consists m tho use 
of a notched specimen, 30 x 30 x 1(>0 mm , 
supported horizontally at tho cuds on kmfo 
edges of given form and struck m tho eentio, 
opposite tho notch, by a pendulum Tho 
notch was formed by dulling a bole 4 mm 
diameter m the bar and sawing through from 
one side, leaving a depth of 15 mm behind 
the notch, as shown in Fig 124 The span is 
120 mm 

The cprestion of notched bar testing was 
again bi ought forward at the International 
Congress held at Copenhagen m 1909, who 
recommended the 30 x 30 x 160 mm Charpy 


test ])ioto, with an alteinitne specimen, 
geometucallv similar hut one tluid o! the 
si/c, where the laigoi dimensions could not be 
obtained Tho mallei v\is fuithei discussed 
at New York in 1912, and the lecommemla 
lions of 1909 were confirmed No pailiculai 
machine for canymg out the tests was selected, 
but fuithei testing rescan h on appai itus uul 
test picecs ot different sizes was suggested as 
being desn able 

The recommendations of the International 
Association lor Testing Matenals have nevoi 
been Jully recognised Bor most test woik 
the standard 30 *30 a 100 mm test piece has 
been iound to bo too huge, and dilheultie u 
have been oxpeuenced with the notch oi tho 
geometrically smaller test piece 

Fiemont suggests a test piece 10 x 8 x 30 
mm , placed horizontally on supports 21 mm 

Sti iker 



span, with a notch 1 mm dee]) and 1 mm 
wide (scpraie shape, and made on the broad 
side at the centre ot the length), Fig 
125 

In most cases a test piece 10x10 mm m 
ciosH-sootion is used, but the form ol notch is 
vaitecl ( Se\eral well-known types of noteli 
aie given m Fig 125 Tho beam test pieces 
are usually 60 mm long with a span ot 
40 mm 

§ (99) NotoukX) Bah TkHTiNa in Bn i tain 
— A consuloi able amount ol work lias been 
tamed out, m Britain, on the notched bar 
tost Yariows developed a note hod bar test, 
m 1902, m which tho tost bar was broken Iry 
more than one blow Valuable mioimatiori 
appeals to have been obtained by tins test as 
to the brittleness of steels used for connecting 
rod bolts 

In 1903, Tzod 1 introduced a single-blow 
notched bar testing machine, in. which tho 
specimen is hold m a vice at one end and is 
struck by a falling pendulum at the othei' 
This method is the one which is commonly 
adopted m this country at the present 
time 

1 Engineering, Sept 25, 1003 
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Seaton .and Jude 1 earned out some to-ds in 
1904, m which the test piece was broken by 
a number of blows, the test bai being leveised 
between successive blows 
In 1908, Stanton and Bairstow 2 and Har- 
bord 3 communicated results of experiments 
to the Institution of Mechanical Engineers 
The mam point bi ought out by Harboid s 
paper was the vanabibty m the results of 
individual tests of specimens of the same 
material It was shown that two identical 
test pieces fiom the same bar of oidmaiy 
commercial steel gave results varying fiom 
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each other by over 60 per cent This vana 
bility has been attributed to— 

(1) The mode of testing 

(2) The heterogeneity of the maternal under 
investigation 

Experiments published by Charpy and Cornu 
Thenard 4 show that by careful selection and 
heat treatment it is possible to obtain, m the 
course of experiments m notched bar tests, 
carried out on bars of steel of diffeient natuies 
or of copper, a degree of uniformity analogous 
to that obtained by means of tensile or hard 
ness tests Vanabibty m the results is there- 
fore not due to the mode of testing but to 
differences m the material undei test 


r 1 x"/j n ? act Tests on Wrought Steels of Commerce 
hist Meek Eng Proc lSXufpt iv ll35 : 

. , . Resistance of Materials to Impact ” /*>< 
MmcAb 09 ,N ° V 2 °’ lfl08 . andifctue tilLi 

W Vt D , lir ?, rent „ Method? of Impact Testincr c 
Notched Bars, Inst Uech ft/ Proc, Ort -De 

^VS W jS^tl917fp°f 1 TeStS ’” Ir ° n “ 


By 1914 theio was lomlumo evidence that 
thcie could be laige vacations m file icnim! huh 
of notched specimens of dilieient nuietiuls to 
impact, without any conospondmg vanatmn 
m any of the charaoteiistics luouglit out by the 
ordinary tensile test, and llieie was evidence 



that tins variation was duo to conod or 
incorrect heat treatment 
§(100) Impact Testinh Macittnbs (i ) The 
Izod Test — The Izod impact tost has ol loccnt . 
yeais come into gieat pi eminence m (hivem- 
ment specifications, owing to the groat demands 
made by war conditions 
The original I/od machine had a striking 
energy of the hammer 
of 23 ft -lbs , and the 
test piece was 2 m 
long, jths m wide, 
and Toths m thick, 
wifh a vee notch 
0 05 in deep 
The piesont stand 
aid machine made 
by W & T Avoxy, 

Ltd, Soho Foundry, 

Birmingham, has a 
capacity of 120ft -lbs 
The cross-section of 
the test piece is 
10x10 mm and it 
is notched with a 
45° vee notch, 2 mm 
deep with a root 
radius of 0 25 mm 
The machine is 

shown m Fig 126, and consists of a heavy 
base B on to which are bolted two standards 
supporting the pivot of the pendulum 
The pendulum P swings on ball beaungs and 
strikes the specimen hold m the vice, cantilever 
fashion , its point of contact with the specimen 
being a haidened steel knife edge The foim 
and angle of the knife edge is shown m Fig 127 
The specimen is gnppod m a vice V m such a 








203 


ELASTIC CONSTANTS 


position that the bottom of tlio notch is level 
with I ho top of the vice, Fkj 128 
The specimen, m being bioken, absoibs Homo 
of the energy from the pendulum, which is 
measured by the continued and diminished 
swing of the pendulum moving an idle pomtei 
ovei a gLaduatod scale The pendulum swings 



less as the resistance of the specimen is greater 
The scale is graduated to give the actual 
cueigy m footpounds absoibed by the blow 
The standaul thiee notch test piece is shown 
at B m Fig 129 

(u ) The GUarpy Pendulum Mai lime — The 
small Charpy machine has a power of about 30 
kilogrammetres (217 ft -lbs ) and a maximum 



striking velocity of 5 28 metres per second 
(17 ft 4 in per sec ) The principal part of 
the pendulum consists of the hammer M, 
shaped as shown m Pig 130, and suspended 
at the end of a hght hollow bar The centre 
is suspended on ball-bearings, and an index 
hand is mounted with an easy frictional fit 
and travels over a graduated semicircular dial 
with the hammer when this rises up after 
fracturing the test specimen The latter is 
held in cast-iron supports m the two uprights 
which are bolted down to a cast-iron bedplate 


The btimim i is laised up foi a< turn by band 
and is hold up by a cat<h opei itul duct lly b\ 
a small level J) The (hop is constant and 
1420 meties (1 ft 7jj m) in height A 
hand biako B, worked by llic hand leva (', 
enables the liammci to lie stopped lapidly 
after haetuie of the specimen Tlu weight of 
the falling parts, position of the ten lie of 
gravity, and heights of diop counted fiom tlio 
centie oi giavity, are all deter mined experi- 
mentally Tlio angle of rise aftei ftaetuic is 
read oii from the graduated semicmlo Tlio 
difloronce between the hciglit of tall before 
fracture and rising back after fracture gives 
tlio work absoibed It is, however, netessaty 
in research work to take into account the Jnc- 
tion and energy absoibed by the ling incuts of 
tho tost specimen , the lattei may be considered 
to take the same velocity as the pendulum it- 
self The w eight oi the test specimen being vorv 
light compared with that of tho pendulum 
hammer, tlio correction is very slight and can 
bo neglected m ordinal y practice 

In oidei to determine the woilv absorbed by 
friction tire pendulum is caused to oscillate 
freely and tho doorcase in the oscillations duo 
solely to faction is noted down This gives a 
table of collections Tho required collection 
can also be at rived at by noting the angle oi 
rise of tlio pendulum following that causing the 
fiactute 

A larger machine is made, and this has 200 
kilogrammetres energy and a staking velocity 
of 7 8 metres per second 

(nr) Guillery Machine ( Jlotauj Tup ) — Tho 
latest model of this machine is shown in 
Fig 131 It consists of a flywheel having a 
“ breaking knife ” attached to it This knife is 
anangod so that it can assume two positions 

(1) Bidden m tho am of the wheel 

(2) Projecting from tlio am of the wheel m 
which position it is required for breaking tho 
tost piece 

Tho position is controlled by “ studs ” on 
the casing of tho machine and operated by 
centrifugal force duo to the rotation of tho 
wheel 

The rotation of the flywheel operates a small 
centafugal pump which elevates a coloured 
liquid m a tube Tlio machine is designed so 
that when the liquid is at the top of the tube 
(and roadmg zero on the onergy scale) thoio is 
00 kilogrammotres of energy m tho flywheel 
When tlio flywheel is still, and the liquid is 
at its lowest level "tho reading is therefore 00 
Tho test bar is placed horizontally on knife 
edges which have a 40-mm gap The front 
of the machine is covered with a door which 
is automatically locked when the “ knife ” is 
out and the flywheel m motion 
The test is made by rotating the flywheel 
to a speed slightly in excess of that correspond- 
ing to the zero of the eneigy scale Tho gear 
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is then disconnected and the wheel speed tlie tachometer readmit gives the energy lo^t in 
allowed to decrease Immediately the liquid pioducmg fiacture of the tesl piece The knife 
m the tachometer tube lends ^ero the “ out ” is then set “m ” by pressing the “ m 55 stud 

(iv ) F 7 e mont 
Wcukine — The 
Fremont impnt t 
machine consists 
ot a hammei of 
UMo 15 kilograms, 
which lias on its 
under side a hard- 
ened steel V- 
sliapcd stiikoi 
The test piece is 
placed horizon- 
tally on knife 
edges h ivmg a 
gap of 21 mm , 
so that vhon the 
hammei falls from 
a height of 4 
metres the sinker 
hits it midway 
between the sup- 
poits and exactly 
opposite to the 
notch 



Fig 130 Pig 131 


stud is pressed, the knife springs out and then only possesses the energy not ahsoibecl 
breaks the test piece The absorption of by the test piece, strikes against an anvil 
energy fiom the flywheel lowers the speed and carrying two housings provided with tompeiecl 
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stool spunks The springs yield under the 
blow of the hammer and xegistei by thou de- 
flection the energy remaining m the apparatus 
Knowing the initial cneigy of the hammer, 
the cneigy absoibed m liaetiuo of the test 
piece is found by t along the difference 
(v ) The A mslei 75-lilogrammeire Pendulum 
Imjicut Testing Marhme — This machmo is on 
the same pnnciple as the CJhaipy machine, but 
some of Ihe detail^ are slightly different 
The pendulum is held up by a hook attached 
to a lope which is wound round a windlass 
The tup is lelcased, by detaching the hook by 
moans of a special leloase, and falling freely 
swings up on the othci side of the machmo 
after having broken the test bar Instead of 


(101) KuHTFIMI PAI TKUJl AUS OF No r H'lIhl> 
Bah Tcsts — The leading puticulais of the 
hvo principal types oi notched bai machines 
ate as follows 



Striking 

Striking 

Typo ot Mac hine 

Energy 

Vehx it v 

Kg M 

Mein s/he v 

Chiupy (pendulum) 

30 

53 

Amslci (pc minium) 

75 


Izod (pendulum) 

36 0 

3 5 

Frt mont (falling tup) 

20 oi 60 

8 85 

thiillcry (totaiy tup) 

60 

8 85 


The notched har test is principally used 
as a moans of detecting a dangerous con- 


Totji 32 

Izod Tfsts on Matcrials Correctly and Incorrectly II cat triatld 


M iteruls 

Heat 

Treatment 

Limit of Pi o 
poitionalitj 
Tozis/Sq In 

Yield Point 
Tons/Hq In 

tTltimatc 

Stress 

Tons/bq In 

Elongation 
Per cent 

Kodiu f Ion 
of An a 
Per cent 

Avi iage 
l/od 
Eigm e 
Ft lbs 

Nickel chrome steel — 








Bar SiSl 

Correct 

40 4 

47 8 

55 6 

28 6 

04 0 

78 0 

Bar SS2 

Inconcct 

30 6 

45 0 

54 3 

20 5 

63 7 

9 1 

Nickel chrome sted — 








Bai Sill 

Coireet 

! 34 8 1 

44 () 

50 3 

26 0 

61 0 

: 02 1 

Bar SII2 

Inconcct 

34 8 

45 0 

60 3 

23 0 

412 

8 0 

Nickel chrome steel — 








Bar SS3 

Oonoet 

26 0 

41 0 

51 0 

26 0 

07 0 

81 7 

Bar SS4 

Incoircct 

35 2 

44 3 

5J 3 

21 5 

64 0 

34 8 

Nickel chrome steel ^ 

Coircot 

Incorrect 

32 3 

31 9 

44 3 

42 1 

55 2 

53 8 

26 7 

29 4 

00 5 

68 5 

70 5 

J5 0 


Tablib 33 

Cirrpi T* sts on Matdriai s Correctly and Incorrectly If 13 at trla pen (Cthaipy Method — L/od Notch) 


Materials 

Beat 

Trcatmc nt 

Limit of Pro 
portion vlily 
Tons/h(i In 

Yield Point 
Tons/.Sq Iu 

UI (.unite 
Stiess 

Toiih/So In 

Elongation 
I’( I (cut 

Kedui tion 
oi \un 
Per cent 

Energy 

to 

Eraefuro 
Kg M 

Boiler plate , | 

( brreot 

18 3 

19 1 

27 9 

42 2 

02 8 

0 35 

Incorrect 

14 2 

18 3 

26 9 

31 G 

59 1 

0 88 

Nickel chrome crank ( 

Correct 

27 0 

33 0 

45 2 

21 0 

59 2 

10 74 

shaft \ 

Incorrect 

20 0 

32 9 

44 0 

23 5 

_ l 

57 0 

2 27 


swinging hack again, as m tlio Gliarpy maelnno, 
it is held m position by a coid passing round a 
dium and acting as a brake 
On falling from one side, transverse (bend- 
ing) tests are made, while tensile tests axe made 
when the pendulum falls from the other side 
The energy m the hammer before and after 
the test is registered on two movable straight 
scales by the movement of the pendulum It 
rs so arranged that the second scale raises the 
pointer on to the first sudo and indicates the 
actual energy absorbed 


dition of microstructmo duo to faulty boat 
tieatmont 

The laigo variation m the energy absoibed 
m the Izod tost due to alteialion of heat treat 
ment is well shown by the figures m Table 32, 
taken from a paper by Plnlpot 1 

Some tests by tho author on a piece of 
boilor plate and nickel chrome ciank shaft are 
given m Table 33, and show the same kind 
of variability with heat treatment 

1 “ Some Experiments on Notchod Bars,'* Inti 
of Automobile Png Proc , April 1918 
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13 agnail Wild has shown that the brittleness 
m steel lesultmg fiom a high percentage of 
sulphur and phosphoius is well marked by 
the Izod test He says, “ Ceitam steel foi 
making nuts and bolts was found to contain 
sulphur and phosphorus m excess of 0 1 per 
cent , such steel mvauably failed to give any 
highei reading than 2 to 3 ft -lbs on the Tzod, 
whereas a steel of exactly similar composition 
and with similar treatment but with sulphur 
and phosphorus below 0 06 per cent gave an 
Izod test figure of over 40 ft -lbs ” 

§ (102) Dimensions of Standard Test 
Pieces — Although theie aie several impact 
testeis m Britain of the Fremont and Guilleiy 
type, the majority of the test houses use 
Izod or Charpy machines The dimensions 
of test pieces for these machines have been 
standaidised and are shown m Pig 129 It 
will he noted that in each case the cross- 
sectional dimensions are 30 x 10 mm and that 
the form of notch is the same (the Gmlleiy 
machine uses the same size of test pieces as 
the Charpy machine, while the Fremont test 
piece is smaller and is described m § (98) 
The form of notch selected, and sometimes 
called the Izod notch, is a 45° vee, 2 mm 
deep, with a root radius of 0 25 mm 
§(103) The Angle of the Notch — Ex- 
periments by Thomas 1 * at the Watertown 
Arsenal show 7 that, with mild stee}, the angle 
of the notch does not appreciably affect the 
results until it has exceeded 45° The results 
that Thomas obtained are given in Table 34 
§ (104) Root Radius and Depth of Notch 
— The 30 x10 mm test piece in which the 
notch is formed by a drilled hole 1J mm I 


1 The shape .it the bottom of the' notch hat 
an important effect on tb(* woik ubsuibed in 
fi act ure, winch has its least value when the 
angle at the bottom ol the notch is as ne.ulv 
zeio as possible 

Results by Di\, a sumnumsed m Table 35, 
and by the uitboi (Table 3b) show tins < Heel 
very clcaily 

1 Tamm 35 


Efetct of Radius at sire Hen tom of ’inn No ion 

ON THU EnI ROY AHSOHIUU) IN FltUllUtn 
Nickel ehiome steel mel, in chumc tea 



Kama ubsoibul in 


Hi u tun* 

Fonu ot Notch 

j (( li.u pv 

Mac him*) 


H( 11 H 

Ivi? M 

2 min dee]) (45° vee*) shar |> 

2 mm deop ( 15 1 veo) 0 25 \ 
mm root radius / 

2 mm deep (pai allc I sides) \ 

21 b 

25 0 

2 00 

3 m 

U) 3 

5 57 j 

1 mm zoot radius / 

TuitK 

36 


0 05 per cent carbon steed, \oo note lies, 2 mm tie op 


Knoigv alwcubiMl in 

Root Radius of Notch 
in mm 

Hon hue 

(Olmtpv M.u Him ) 


HI -lbs 

Kg M 

filial p 

4 05 

0 56 

0 17 

it 86 

o tin 

0 34 

8 31 

i in 

0 08 

33 7 

1 80 


Table 34 

Effect of Variation of Angle of Notch on the Energy - ajisokiipi> 


Angle of Notch 
Degrees 

Charpy Impact Values 

Ft -lbs /Sci In 

Ynglo of Howl, 
Degrees 

Hilnell 
linnlm hh JNo 

Maximum 

Minimum 

Average of 6 

0 

304 

266 

285 

15 8 

70 

15 

346 

283 

316 

15 2 

77 

30 

323 

284 

298 

15 0 

HI 

45 

382 

304 

334 

29 5 

80 

60 

571 

516 

539 

54 2 

i 

80 

75 

890 

818 

854 

130 

78 

90 

830 

806 

814 

136 

78 


- proposed by the International J 
Association of Testing Materials, cannot bo 
produced economically on the majority of 
alloy steels 

The form of notch selected as a standard, 
viz 4 5 ° vee notch, 2 mm deep and 0 25 mm’ 
root radius, does not suffer from this objection 
as it can be easily produced even on the 
hardest steels 


It has boon iound that the Hhinpor tlm noleh 
is made, the bettor the test discriminates 
between buttle and tough materials, (hat is 
to say, that as the material touted hccnmcM 
tougher the effect of alt oration of the lout 
radius is less 

It is unsatisfactory, commercially, to stand- 
ardise a dead sharp notch as it 'in difficult 


1 Charpv Impact Tests on Heat-Treated Steels ” 

Amer £>oc Test Mat Proc , 1915, xv 75 ’ 


+1 J a Ste Blow Notched Bar Impact Test as lined 
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In bo always suie that it is produced A loot 
iddms of 0 2 r > mm lias boon selected aa it is 
found that, with a radius of thia si/e, tho teat 
is still effective m tho detection of faulty heat 
tr oatmuit 

It has also been found that shallow notches 
ineiease tho energy to fiacturo of tough 
materials relatively to that requnod fox buttle 
materials 

§(105) Shape op Test Pi pop — Phil pot 1 
found that a louncl teat pieeo can bo produced 
winch can be used for acceptance testa on 
heat treated steels in place oi the staudaid 
squaie specimen The laltox is, howevoi, fai 
the more desirable from the point of view of 
testing and, by piopeily rigging up for quan- 
tity production, it can bo piepaied by a pan 
of stiaddle mills just as econoimoally as the 
round te->t piece 

§ (106) Comparison of Tests on I)in> brent 
Machines — Philpot 2 has made a companson 
of tests m the Chaipy (beam) and T/od (c anti- 


awe of test piece notch, distant e Ik hurn 
supports and r idu of suppotts and stiiku aio 
uniform 

§(107) Eio'Eot op Situmnu Velocity on 
the Enekoy to Fracture —Both Bclungei 
and JFTcmont have found a vauation oi tho 
onoigy abaorhotl m frattuio with sinking 
volotity but m opposito duoc turns Chaipy 
has found that the miluoneo of tho late ol 
impact is practically negligible within limits 
which do not exceed those of ap pliant es genet - 
ally employed m tho testing laboratory 

Some tests earned out bv the author show 
that, on a machine ol tho Chirpy typo at 
sinking velocities up to 4*1 ft per second, 
mol casing sinking velocity may either mo r case, 
decrease oi miallei tho energy absorbed m 
fiactuio accoidmg to the material upon which 
the tests are made In any eise the effect is 
not appiecLible until after a velocity of 16 ft 
per sec is leached, as is shown by the icbidts 
in Table 37 


Table 37 


Effect of Striking ViLocirv on tiil Energy absorbed in Envoi: itiuj 



Nik rgy absorbed m Vi ictmo 

Sinking Veloaty 

Material 


— 

- - 



Kg M 

n ibs 

Metics/Sof 

Bect/S( t 

f 

4 03 

29 1 

2 7 

9 

1 

I 81 

27 7 

4 9 

10 

Mild steel ! 

2 77 

20 0 

(> J 

20 

1 

2 00 

U5 

88 

29 

[ 

2 00 

20 9 

4 9 

30 

Iron j 

2 80 

20 2 

6 6 

211 

1 

1 17 

10 0 

13 1 

43 

1 

4 00 

28 9 

2 7 

9 

Nickel chrome steel 1 

4 10 

31 8 

4 9 

36 

1 

5 <14 

30 3 

13 l 

43 

1 

1 0) 

7 5 

2 7 

9 

Medium carbon steel 

1 05 

7 (> 

6 1 

20 

1 

I 05 

7 0 

13 1 

43 


lover) machines on tho standard 10 x 10-nun 
tost piece with tho 45° standaid notch, 2 mm 
deep and 0 25 mm loot radius lie Imds 
that, where the energy absorbed is less than 
70 ft -lbs , notched bar tests, made m orthei 
the Charpy or tho Izod machines, give similai 
values, but where the energy absorbed m 
fiactme is gt eater than 70 ft -lbs , thcio is a 
tendency for the values from tho Chaipy 
machine to bo somewhat lughei 

Charpy and Cornu Thenard 3 have made a 
senes of experiments, with a stool specially 
prepared to "ive consistent results, on “ beam ” 
machines of three different typos (pendulum, 
vertical drop, and rotary ) and have found 
that, in regard to energy absorbed m fracture, 
the results are practically identical when tho 

1 “ Borne Experiments on Notched Bars/’ Inst 
of Automobile Eng Proc , April 1918 
8 Ibid 

a “ New Experiments on Shock Tests, 1 ’ Iron and 
Steel Inst Journ No 2, 1917, p 61 


§ (108) Slow Benihnu Tests on Notched 
Bars — It has boon shown by Plulpot 1 and 
others that, if a notched bin test piece is 
broken slowly, the work expended is com- 
parable with that measured by an impact 
mudimo (at moderately low sinking velocities) 
and is equally as effective m distinguishing 
between certain butllo and tough materials 
As an avorago of a largo number ol tests 
Plulpot found that the energy absorbed m 
the slow bonding tost is about 75 poi cent of 
that given by an impact test (m two or three 
cases tho energies obtained by tho two 
methods are approximately equal), and ho 
attributes this difference to energy dissipated 
m tho pendulum testing machine Tho sink- 
ing velocity m Philpot’s impact tests did 
not exceed 3 5 metres per second, and his 
conclusions only hold up to that value 
Philpot for his slow bonding tests uses an 
ordinary Brmell machine, and measuios the 
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deflection-, of the specimen for deficient loads 
by means of a micio&cope The lean Its aie 
plotted and the area of the curve is mtcgiated 
in Older to obtain the total energy absorbed 
The Humphrey Autographic Notched Bar 
Testing Mathine, made by the Foster Instru- 
ment Company of Letchw orlh, is devised to 
cany out this class of test rapidly and con- 



veniently and m a mannor giving the maxi- 
mum information as to the material m a 
minimum time It is illustrated diagram- 
matically in Fig 132, and photographically m 
Ftg 133 

The teat piece A is gripped in the vice 
B, so that the jaws of the vice are in lme 
with the notch in the test piece The socket 
0 is attached on the projecting end of the 



Fig 133 


test pier o, and is a reasonably close fit thereon 
A bending sticss is applied to the test piece 
by means of the winch T> and the wire E, 
winch is attached to the ontor end of the spring 
bar F The inner end of the spimg bar is 
firmly fixed to the sockot C The outer end 
of the spring bar is supported by two i oilers 
G and G 2 The socket C carnos also a rigid 
bar II 

The deflection of the spring bar F is a 
measure of the bendmg moment applied to 
the test piece Since the rigid bar II is 


not subjected to any bending moment it 
will move tin ough tbe same ani.de as the socket 
C, and this movement will theicfoie be a 
measme of the bendmg of the test piece 
The pen J slides upon the rigid bar 11, its 
position being dctei mined by ihe tlun wiies 
or coids K and L, which aie kept taut by a 
light spimg M One end of the who Iv is 
attached to a post N so that a& the ngid bai 
II moves m consequence of the bendmg of 
the test piece, the wue K will chaw the pen 
to the right The point of the pen marks 
upon a calibrated chait P earned on the 
spimg bar F, therefore, if the test piece 
ofteis no resistance what over to bonding 
force the pen would diaw a horizontal lino 
on the chait, the length of winch is propor- 
tional to the angle through, which the test piece 
is bent As, however, the test piece does offer 
resistance to bendmg there will bo a resulting 
movement between the spimg bai F and the 
ngid bar II 

The pen, therefore, draws a diagram showing 
the relation between bending moment applied 
and angle of bendmg throughout the duration 
of the test The total energy absoibcd m 
the breaking of the test piece can bo obtained 
from the area of this diagram 

The machine can also bo fitted with an 
integrating device so that the energy absoibcd 
can bo read directly from the machine Tins 
device is shown m Figs 132-3 The wne Iv 
passes round a pulley Q The pulley Q is 
attached to a spindle having at its lowot end 
a friotion disc R, so that the bendmg of the 
tost piece which results m the movement of 
the pen to the right also icsults in a piopoi 
tionate rotation of the f notion disc R 

The under face of this disc icsts upon the 
edge of the friction wheel, not shown The 
spindle of the lnckon wheel is earned with 
the chart plate upon the spring bai F 
When the bending moment is zero the f notion 
wheel is at tlie centre of tbo fnction disc, 
but as bonding moment is applied, and tbeio 
is relative movement between the spring 
bar F and tlie rigid ‘bar II, the inction 
wheel travels towards the cimnnfercnco of 
the friction disc, and is consequently rotated 
The rotation will bo proportional to ihe product 
of tlie bendmg moment applied and tho angle 
of bending of the test piece, and this dovieo 
will therefore integrate tho total energy 
absorbed in breaking tho test piece. Mounted 
upon the outer end of the spmdlo which carries 
the fnction wheel is an index disc S which can 
be calibrated to read direct m ft -lbs 

§ (109) Tests oh Specimens of Different 
Sizes— A trustworthy relation has not been 
found between the eneigy to fracture m test 
pieces of different sizes, there is, however, 
evidence that it is probably different on 
different materials This is shown from an 
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Gemination of the results m Tablo 38, winch gives the ductility m the fume terms as the 
gives the results of notched lux impact tests static tensile tost, namely, elongation and 
oil two different steels with, geomotiically conti action of aioa, but always with hudui 
similar test pieces nmnoucal values The luoakmg stubs oi 

T uiLia 38 

Tests on Gi omltiuoaXjL'v Simiiar Hpnuimi ns 
Brier gv to t 1 ! irluro 

Dimensions " 


of Spot mien 
m mm 


Steel A 



St od R 



Kg M 

Kg M /Cm n 

Kg M /Cm J 

Kg M 

Kg M /I'm 

Kg M /Cm 

10 "10< 53 3) 

4 77 

5 96 

0 80 

I 28 

1 60 

0 24 

30 v 10 < 100 

60 

8 33 

0 42 

36.3 

5 Of 

0 25 

63x63x330 

296 

0 32 

0 22 

107 

6 20 

0 15 


¥ The* notch for the 10 < JO test puui was a 15° vee, 0 25 mm loot ladius and 2 mm deep The 
notches for the larger test pi< cea weie geometiic illy similar 

It will be noted that tho matoual can he inferred, but mubt bo 

(1) The eneigy absorbed is not propoitional reduced by a iactoi m oidei to obtain tho 

to either the squaro or the cube of the dmion- same nuincncal value as given by the static 
sions of the test pieco test, also it only gives the breaking sticss 

(2) With the 10 x 10-mm tost piece, steel A Tho eneigy absoibed per cubic inch docs not 

takes 3] times the eneigy that steel B does, vaiy gioatly with tho various tvpcs of steel, 
but mth the 63 x 63 -mm tost pieces it is only it is approximately 50 per cent moio than 
I i times that obtained by the static tensile test, and 

There is apparently a scale speed factor is also no definite ciitenon of tho type of tho 
m the law of lesistanco of notched specimens steel , at any rite, of normal steels containing 
to sudden shock which appeals to be of a small proportion of phoqpluuuB Eiom the 
oxtromo complexity experiments lefeired to by Biouil 5 it would 

§ (110) Tests on Unnotciied Bars — -With appear that steels containing an undue pro- 
geometrically similar unnotchod tost bais, portion of phosphor us give a much smaller 
either beams or tensile test pieces, the energy energy pci cubic inch with impact ton silo 
absoibed m fracture for the same material is tests ” 

proportional to the volume of tho test piece § (111) Tests under Repeated Bendinu 
IT att, 1 m 1904, as tho result of some Impact — I n 190S Stanton 0 earned out c\- 
expenments in dynamic tension, came to tho tensivo investigations on the method of testing 
conclusion that, for steels, thoio is little by repeated impact, and devised a mac lime to 
diffeience m the total elongation and the loproduce stress conditions which are met with 
unit w r ork in fracture whether the fiactuie in cortam machmo paits m actual use, where 
is bi ought about m 10 minutes or 0 01 seconds tho effect of alternating blows is produced 
Stanton and Ban stow 2 m 1908 and Dolikhow J on the matenal at positions whero thoio is 
m 1909 (using a drop hammer type of machine) a rapid reduction of ctoss section Tho test 
have also shown that the tensile impact test bai, 0 500 inch diamoter and 6 5 mchos long, 
(? c dynamic tensilo test) gives numerical is supported on knife edges 4 1 inches apart 
values which agree with tho results of the The test piece has a groove turned round the 
static tensile test centre of tho span 0 05 inch deep, so that the 

Blount, Kirkaldy, and Sankoy, 4 m tho effective cliamotoi at tho boi tom of tho groove 
summary to their paper on steel testing is 0 400 inch Tho gioovo rs m the form of 
methods, say that “tho impact tensile test a vee, whoso angle is 55° and root radius 

0 01 inch Tho test piece is fixed m the 
Test ' 'ill Proc m ? 004 iv 8 §B2 0 * Mctals '” ^ mcr ® oc machine, whore it receives blows at tho rate 
2 “ Resistance of Materials to Impact,” Inst Meeh () ^ 90 per minute from a hammer whoso 

Proc , Nov 20, 1908, and Itevue de Mdtall , Marc h weight is 4 71 lbs , and of which the height 

a “ Note on tho Rupture of Normal Cylindrical 18 ac ^ ll8 ^ a ^ e 

Test Samples hy Longitudinal Impact,” Inter Assoc 

Test Mat Proc , 1909 0 Revue de mdcanique, 1008, p 537 

4 " Comparison of tho Tensile, Impact Tensile, 0 ” Resistance of Materials to Impact,” Inst Mech 
and Repeated Bending Methods of Testing Steel,” Png Proc, Nov 20, 1908, and Rente de mdtall , March 
Inst Meek Eng Proc , 1910, May 27 1909 
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Bet ween each blow the Lar is turned through 
180° and the test is continued until failme 
of the test bai The number of blows to 
cause failure is recorded by a counter 

A series of tests is usually made on each 
material with varying energies of blow, and, 
by plotting the energies of blow as oichnates 
and the numbet of blows to fracture as ab- 
scisses, a cuive is obtained from which useful 
mfoimation as to both the impact strength 
and fatigue stiongth of the material can be 
obtained In Stanton’s original paper it is 
clcaily stated that when the numboi of blows 
is less than 500 the lesults approximate to 
those of the single blow impact tost, and that, 
when the number of blows for fiactuie exceed 
100,000, the results ate in the ordci of the 
fatigue ranges of the materials as determined 
m a Wohler test Luting tiro war it has been 
a common piactico to compare materials by 
the number of blows lcquned to cause fracture 
when the height of the fall of the tup is kept 
constant As the height of fall selected causes 
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Numbei of Blows to cause Fatluie 
Fig 134 


fiactuie after fiom 4000 to 6000 blows tho 
results cannot be propeily interpreted 

The lesults fiom tests on steel coirectly 
and mcorieetly heat-treated aie given m 
Table 39 and plotted m Fvf 134 It will bo 
noted that the incorrectly boat-treat od bais 
aie considerably weaken as regaids notched 
bai impact, but slightly stiongor undei fatigue 


a notch very similar to the standard I/od 
notch, which is casilv lepioduccd A notch 
0 05 inch wide and 0 05 inch deep with 
parallel sides and practically sharp comeis 
has been sometimes used m conjunction with 
(his test 

The Eden-Foster machine, manufactured 
bv tho Foster Instrument Company, Lctch- 
woith, is a close copy of Stanton’s original 
machine and embodies its principal features 

The illustration (Fiq 335) gives a general 
idea of the external appearance of tire machine 
Tho mam spindle, not shown in the illustration, 
projects through the nde of the box casting, 
and is driven by an clectnc motoi with 



Fig 13G 


Taiilp 30 

Hbpeathd Bending Impact Tests on Boiler Plm u 

CORRECT! Y AND INCORRECT! Y IIdAT-TREATI' I> 


Eneigy of 
Blow 
Inch-lbs 

Number of Blows to causo Failme 

Material ( oireetlv 
Heat-treated 

Material incorrectly 
lloat-ti oated 

3 53 

3886 

5871 

4 71 

2366 

2013 

5 89 

1636 

1450 

7 35 

1043 

629 

13 32 

474 

259 

2146 

155 

61 


The test bat pieviously described is the one 
adopted bv Stanton for his lesoarch, and has 


suitable gear or worm reduction About 
0 1 home -power is required to duvo tho 
apjiaratns 

The mam spindle fames a dog clutch 
driving a cam, which has a idler bearing on 
its upper surface and attached to tho lower 
end of the rod II Fixed on the iod If is an 
arm J which engages with the lower face of 
the hammer M, thus, when tho iod H rises 
by rotation of tho cam, the hammer M is 
lifted The guides for the hammer consist 
of two sets of three point screws earned by 
two castings attached to the standard 6 
and its fellow on the opposite side 

Mounted on the standard G is a sleeve 
W, free to rotate about the standard, but 
normally held m a fixed position by a spring 
L Clamped on the sleeve W is an adjust- 
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alio catch K As soon as tlio aim J lias 
lifted the hammer sufficiently, the sprnig L 
causes a paitial rotation of the sleeve W, 
so that, when the arm J again descends, the 
hammei is held Ly the catch K The 
further descent of the aim J bungs its lower 
inclined face m engagement with the lolloi 
N, attached to the sleeve W, m such a 
mannor that the catc h Iv releases the 
hammer M, allowing it to fall upon the 
test piece 0 The hammer M is furnished 
with a hardened tool steel tup Two hammei s 
aic provided to allow fox a wide range of 
tests, the weights being 5 and 2 lbs respect- 
ively The height of diop, which depends 
upon the position of the adjustable catch K 
on the sleeve W, can be vaued fiom 1 to 
4] inches 

The test piece is earned by two hardened 
steel bushes m the plummci block PP Tt is 
rotated through 1 80° between succ cssivo blows, 
the rotation being arranged so that it begins 
and ends entirely between the successive 
blows 

The revolutions of the test piece are 
recorded by a eountei V, and the number of 
blows is found by multiplying the counter 
record by two When tho test piece breaks, 
it comes m contact with an aim X, and 
thereby trips the clutch and stops tho 
machine 

The test piece is driven, through a universal 
joint, by the chain S, free-wheel and dutch 
T One end of the chain is attached to tho 
roller, at tho lower end of tho rod IT, which 
boars on tho cam, and tho other end camos a 
suitably guided weight 

All the gear is fixed to the casting which 
forms the cover of the lower tank casting 
The latter is partially filled with oil for 
lubrication of the surfaces 

§(112) Effect of Temperature on the 
Mechanical Properties of Metals — Many 
prits of machmeiy work at tempeiatuios con- 
siderably above or below tho normal, and it 
is essential foi the purpose of economy and 
safety m design that tlio moio important 
effects of temperature on the mechanical 
properties of materials should bo woll under- 
stood 

§ (113) Testing Apparatus — The oldest 
method used for testing at temperatures above 
that of the air was that of heating the test 
piece m a furnace, transfeirmg it to the testing 
machine, and conducting the test very quickly 
in air The values obtained by that method 
were very unreliable, and m recent tests tho 
samples have been immersed m a hot bath 
for the whole dui at) on of the test 

The medium used m the hot bath can cither 
be a liquid or gas, but it is essontial that the 
heating medium should neither attack nor 
alloy with the test piece Suitable materials 


foi liquid baths aie given m the following 


table 


Mat< n il 

Tcmpei it mo used 
m 1 ( l 

Water 

Up to 100 

Pnialhn 

Up to 200 

Mini ml oil 

Up to 350 

Nitrate of potassium and 1 
miiatc of sodium j 

350-600 

Lc ail and 1 m 

300-400 


Air is nearly always used lot Ihc gas bath, 
but it causes oxidation of tho test sample, 
and for speual cases the test may bo earned 
out %n vanto, 1 nitiogcn, 2 ox caibon dioxide 3 
RudclolT 1 made use of baths of si cam (up 
to 100° 0 ), naphthalene vapour (200° 0 ), and 
naphthylammo vapoui (300° C ) 

The heating of the batli is earned out m 
seveial ways 

(1) By gas jots ariangcd underneath tho 
test piece, which is held hoiizontal This 
method is adopted by Unwin r> foi a liquid 
bath, and by Chaipj 0 foi an an bath 

(2) By gas jots above a honzontal test piece — 
adopted by Le Thatcher 7 

(3) By gas jets at the sides This is used 
m conjunction with a voitical testing machine 
by Mai tons 8 and Bach 9 

(4) ftteam-heatmg coils axe used foi tests 
on 50-fcet lengths of eoppei wne, up to 
tempeiatuies of 00° 0, earned out at the 
National Physical Laboiatory 10 

(5) Elect nc heating coils are used by 
Stubeok, 11 and Jlopkmson and Rogois 12 

Foi genet al convenience tlio last method 
is to he piefoued Two electnc furnaces, 
successfully used at the National Physical 
Laboiatoiy, aio given m Fujs 130 and 137 
They apo both used m connection with a 
voitical testing machine 

A platinum furnace for temperatures up to 
1200° 0 is shown m Fig 130 Tho heater (a) 
consists of a platinum stup, 0 75" x 0 0007", 
wound on a fuo-elay cylinder (outside diameter 
2 25 inches, thickness 0187 inch, and 135 
niches long), with a pitch of 1 inch Tho 

I Bosonhuin and Humphrey, Iron and Steel Inst 
J , 1018, No 1 

a Ilopkinson and KogorR, Engineering, 1005, ii 
331 

8 Bongough and Harmon, Inst of Metals J , 1014 

4 Mitt a d Kgl Ttchn Vasuchsanstalten zu 

Berlin, 1803, p 202 

6 “ Tho btiength of Alloys at Different Tempera- 
tures, " Report of Brit Assoc, 1809 

0 Bulletin de la SoeiM d’ encouragement, 1806 

7 Baumateriallunde, 1001, p 157 

8 Mitt a tl Kgl Techn Versuchsanstalten zu 

Berlin , 1800 

0 Zeits Veremes Beutseh Ing , 1000, p 1740, 1901, 
pp 108 and 1477 , 1903, p 1762 , 1004, pp 385 and 
1 100 

10 Batson, “ Hard-drawn Copper Wire,” Collected 
Researches, N P L , 1912, viir 

II Zeits Veremes Beutseh Ing , 1903, p 559 

12 Engineering, 1905, n 331 
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ends of the strip are damped m position on 
the cylmdei by metal dips I) A steel case 
B (about 8 inches diameter and 1/lb inch 
thick) surrounds the 
heater, and the space 


Metal Clamping Strip 

ID). 



Insu/atad ^ThurmoCouptelF) 
Terminal l»roel ai n tubing 


Diagram showing 
method of winding 
the Platinum Strip 
on the Heatei 


between tho two is 
packed with asbestos 
and magnesia Huff 
The whole is clamped 
between two end 
plates and C 2 , on 
one of which two 
insulated toimmals 
arc fixed , these arc 
connocted to the two 
ends of the platinum 
heating coil Tho 
furnace, which is 
slung from the top 
shackle of the toslmg machine, takes a curionl 
of 15 ampcics 

Piq 137 shows tho 000° C furnace With 
this furnace tho lieatoi is formod with m- 
cluome who wound on to a biass tube A 
(23 inches diameter and 15 inches long) 
The tube is bound with mica, before winding 
tho wire, m older to insulate it, and ovei 
tho wue a binding of asbestos stung is placed 
so as to keep the former m position when it 
expands on rise of temperature The heater 
is surrounded by a steel case B, 7 inches 
diameter, and the space between the two 
is filled with asbestos fluff Two steel plates 
O x and O a aie bolted together, clamping the 
heater and oulei case between them, and are 
ananged to connect the furnace to the frame 
of the testing machine at E x and E 2 The 
ends of the heating coil are connected to two 
insulated terminals on the top plate No 18 
nx chrome wire, having a carrying capacity 
of 11 amperes at 500° C , is used fox the heater 
The wire is coiled closei at the ends, in order 


Sectional Elevation 



Fra 130 


to allow foi tho conduction of heat through 
tho shackles and give umfoim heating ovci 
the central 3 inches to 4. inches of the furnace 

In another furnace of the same type the 
conduction of heat through the £ hackles is 
equalised by having tho mam healing coil 
wound at constant pitch throughout its length, 
and supplementing this by two fiulhoi coiL, 
one wound at each end of tho furnace These 
coils arc wound ovci the main coil, mica m 
sulation being mseitcd, and aio connected to 
sepai ate circuits 

k (1U) Arrangement of Testing -machine 
Grips and Eaie of Loading —It is important 
that the size of test piece, form ol gups, and 
length of furnace should be cai ofully piopoi 
tionod to obtain umfoim heating of tho test 
piece It is found that eitliei high chiommm low 
carbon ox high tungsten high caxbon stools {i e 
13 por cent 
chromium, 

0 35 pel COnl Insulated Terminals 


/ 


Cf 

(B) 

Stool Case - 


(A)- 


Bi ass tube wound uuth 
Ni-Chrome wue Wired 
ofosei at the ends to 
allow for conduotion 
through the hackles 

car bon ox 18 
por cent 
tungsten, 0 6 
por cent car- 
bon), give tho ^ 
most satis- c 2 
factoiy hold 
eis for tests 
at over 600° 

C , as they 
combmo a 
fanly high 
t o n a x 1 e 
strength with 
h eedomfxom 
sealing Of 
the two steels 
the foimcr 
scales very 
little, while 
the latter, 
although it 
scales a little 
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Fig. 137. 


moio, has a slightly higher 
tensile strength at high temperatures 
Uniformity of speed m loading is an im- 
portant condition for strictly comparable 
results As the speed of loading increases 
larger strength values are obtained Lo 
Ohatelier found that with harrl-diawn copper 
wire tested at 250° C , the ultimate breaking 
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stimuli me leased from 11 4 to 21 6 tons per 
st (run o inch as the duiation of tlio test decreased 
fiom 1800 seconds to 20 seconds Both Le 
('hateliei and Htnbock have shown that the 
elongation of copper diminishes with reduction 
m the speed of loading 

4} (115) Timim- Limnvra Measurement fop, 
Snu-wni Tests — With liquid haths sufficient 
accuracy c an usually he obtained by taking the 
temper atuie of the liquid, but it is essential 
that the tost should not he earned out until 
unifoinuty oi tempciatuio is attained 

With an an -bath tbeie is incomplete conduc- 1 
tion of tire heat between the sui rounding an 
and the test piece, and it is nccessaiy that the 
tempeiatuie of the sample 1)0 directly measured 
This is most conveniently earned out by means 
of a theimo-oleotnc pyiometei, which can 
either bo placed in a hole clnllod down the 
test piece, as was done by Bregowsky and 
Spimg, 1 or laid close against the sample and 
bound to it with asbestos string 

The thormo-electnc pyrometer consists of 
three distinct parts, w 

( 1 ) The thermo-couple 2 which receives the 
temperature 

(li ) The indicator fioin which the tempera- 
tures are obseived 

(m ) Leads connecting the thermo couple to 
the indicator 

Tho tlicxmo-couplo consists of two wires, A 
and B, of different composition The ends of 


theimos flask is a convenient receptacle for 
the ice and cold junction 

Various combmations of metals aie used foi 
thermo-couples, according to the maximum 
temperature for which they aie to be used 

(a) Base metal thermo-couples 

Iron-constantan (wires) thermo-couples for 

tempeiatuies up 
to 600° C Iron- 
constantan 
(rods) thermo 
couples for tem- 
peratures up to 
800° 0 

(b) Bare metal 
couples 

Platinum — 
platinum and 10 
per cent rhod- 
ium for tem- 
peiatures up to 
1400° 0 Fig 138 

Platinum — 

platinum and 10 per cent indium for tempera- 
tures up to 1400° 0 

It is essential for temperatures above 800° C 
that the couple should be protected by quartz 
or porcelain tubes A thermo-couple placed 
m small porcelain tubing is seen at P {Fig 
136) 

The inch cat oi is usually a sensitive moving 
coil galvanometer of high internal electrical 



A and Bare ]omcd 
together and foim 
a cncuit One 
junction is placed 
in a known tem- 
perature, usually 
zeio, while the 
otlici is placed 
against the 
material whose 
temperature is to 
bo ascertained 
Tho difference m 
temperature be- 
tween these ends 
sots up an olectro- 
motive force 
winch is propor- 
tional to tho tem- 
perature differ- 
ence TlusEMP 
is measured and, 




by means of a A B 

calibration, gives Fig 139 


the temperature 

The cold junction is usually placed m ice 
m order to ensure a constant temperature A 


1 “ Effect of High Temperatures on the Physical 
Properties of some Alloys,” International Association 
fo) 'Vesting Materials , 1012, vn /I 

2 See “ Thermocouples,” § (2) 


resistance, having the scale marked m tem- 
perature readings which depend upon the 
type of thermo-couple employed It is gener- 
ally an advantage to also have the instru- 
ment provided with a scale giving its readings 
m millivolts 
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Complete thermo-electnc pyrometei outfits 
aie supplied by vanous finny ol lnstrument- 
makers Fig 13S showy the type ol indicator 
which the author has found most sm table foi 
ordmaiy high temperature test woik It is 
supplied by the Cambridge & Paul Instru 
ment Company 

§ (116) Determination of Elastic 1 Limit 
and Yield Point at High Temperature — 
In the majority of high temperature furnaces 
the test piece is not visible during the test, 
so that the yield point, if one exists, cannot 
be obtained by noting the extension by a 
pair of dividers, and the attachment of an 



Fig 140 

extensometer is moie difficult than with tests 
at air temperature 

In 1890, Martens 1 adapted his ruirroi ex- 
tensometer for high temperature work The 
test piece tt ( Fig 139 (A)) was turned down m 
the centre at cd The extensometer clips w r ere 
attached at b on the lower enlarged end, and 
were carried out of the furnace for attachment 
of the measuring ihombs at a The extension 
was therefore measured on the length ab , and 
correction was made for the extension of the 
enlarged ends m order to obtain the extension 
of the gauge length cd 
Rudeloff, 8 m 1895, slightly modified Martens’ 

lSflri ^* 8 * d Kgl Tec,m Venwlmnslalten zu Berlin, 
2 Ibid , 1895, pp 20 and 198 


arrangement, and used two p uih ol clips, >n and 
n (Fig 139 (]!)), wiih the mu mu ihombs /> 
between them Hero again the line elunga- 
tion Ins to bo obtained by uileulnhon, tho 
length of tho thick pait, howevei, is small, 
and as the whole of tlio moasiued length is m 



2 3 4 a o 7 u 

St) css in Tons per sq In 

Fig ill 

the furnace, tho obsei vations am umnfiuenml 
by vamtions of tempoiatmo 
Lee and Ciowthei, 1 m 19J I, adapted Rudo- 
lofi’s aiiangoment of clips to a hou/onfal 
testing machine , tlioy, however, all at bed them 
to the reduced part of tho test piece 
In Figs 139 (0) and 140 is shown tho high 
temperature cxten&ometei wlrnh is pmvmg 
very useful at the National Physical 1 aboia- 



0 2 4 Q 0 10 12 14 10 10 20 

Stress in Tons par sq in, 

FIG J42 

tory This is a combination of the best 
features of boll, RudololT and Loo's ox(o„ho 
motors, with the addition of two micromoloiH 
for measuring extensions beyond the elastic 
limit I ho clips aa and bb aio attached to 
the reduced part of the test piece by (J springs 
and protrude from tho furnace The irmet 
clips aa are guided on fiats on tho test piece 
holders by small rollers c Mimus and 
3 Engineering , 1914, xcvllh 487 
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thumbs aie placed between the clips, and tho 
whole damped together by a special spring 
attached to notches on the outei clip 

Extension of the test piece causes lelativo 
movement between the clips act and bb, and 
therefore rotation of the minor rhombs pp, 
winch is measured m the usual way by a tele- 
scope and scale The relative movement of tho 
clqis is also measured by two micrometus ee 
attached to the inner clips and working against 
the outer ones 

Curves for tests on phosphor bion/o with 
this msti ument are shown in Fkj s 1 11 and 1 12 
Fig 141 gives the elastic hno and limit of pro- 
portionality at tempeiatmes of 20, 120, and 
288° C, plotted from lesuits with tho rhombs 
and minors, and Fig 112 shows tho full stress 
strain curves at temperatures of 20, 120, 205, 
and 288° C , obtained by using tho micro- 
meters 

VII Results op Tests at Varying 
Temperatures 

§ (117) Results op Tensile Tests (r ) 
Iron and Caibon Steels — Strength tests at 
high temperatures have been earned out since 
the early part of the nineteenth century 

In 1820 Tiemery and Piomcr-Samt-Bnce 1 
showed that, although the tensile strength of 
hammered wrought iron was 27 (> tons pci 
sq moll at an temperature, it fell to 5 0 tons 
per sq inch at red heat Fairbaim, m 1856, 2 
showed that non possesses a maximum resist- 
ance to fracture at 250° C 1 and this has 
frequently been vended for iron and stool It 
has also been shown that this maximum 
resistance is preceded by a minimum, which 
occurs at about 120° G 

An extensive senes of tests wore carried out 
on non and steel afc the Watertown Arsenal 3 
m 1888, from which tho following conclusions 
can be drawn 

(1) The change m tho ultimate strength is 
veiy small up to about 150° C There is 
evidence of a slight reduction at from 100 to 
120° 0 , and after 150° C tliero is an increase 
until, at 250° G , a maximum is i cached, which 
is from 10 to 15 per cent lnghei than the 
normal From 250 to 950° G there is a 
continuous fall m strength, which at tho latter 
temperature gives a reduction m strength of 
80 to 85 per cent of the normal 

(2) The elastic limit decreases with increas- 
ing temperature Up to 350° C this dec? ease 
is directly jiroportional to increase m tem- 
perature, so that at 350° 0 the elastic limit is 
about 70 to 75 per cent of that at normal 
temperature 

(3) With oast iron the ultimate strength is 
approximately constant up to 500° C , after 

1 Annales des Mines , 11 513 

2 Report of the British Association 1856, p 405 

8 Johnson’s Materials of Construction , 1918 edition 
p 759 


which it falls uuld, at %()° G , it is about 20 pci 
cent of the noimal value 

Mailens, 4 m 1800, published an claboiato 
sonos of tests on the sit ength of steel at 
tompualuies up to 000° G , and included a 
doiennmation of the limit ol proportionality 
lie used a paialhu batli foi temperatures up 
to 200° G , a bath ol lead and tm lor tempera- 
tures up to 000° G , and foi low temperatures 
a mixture of linen paits by weight of lee and 
one pait of salt Tempeiatmes up to 400° G 
wore meuBuiecl with a nutcuual thonnomotoi, 
and foi higher tempeiatmes an an thermo- 
meter was employed 

Tests by Leo and Ciowtliei show that tho 
modulus of elasticity oi mild stool vanes from 
29 0x10° lbs per square inch at normal 
tompeiatiuo to 32 8 x 10° at 000° C They 
also iound that the ultimate stress was a 
maximum at 250° G , but that the stiess 
obtained by cbvidiug the bteakmg-load by tho 
aiea at fiacluto was a minimum at that tem- 
perature Tho figures given m Tablo 40 have 
been taken from tho plotted results 

Tahuj 40 


Ti NsiLu Te&js on Mild Steil at Varying 
Tempi r mjRLS 


1 impel n 
tmt C 

Modulus ol 

1 Inability 

I llH /S(J 111 

Yulil Sfcrisa 
l’oiib/Hq In 

Ultimate 
Stiiss 
[on'i/Sij In 

Tt< dm tfon 
of Ann 
l*oi unit 

20 

29 6 10° 

21 4 

28 7 

57 

110 

29 1 10° 

19 4 

29 2 


240 

28 3 ao 5 

16 G 

39 0 

G5 

310 

1 27 G v 10° 

1G 3 

37 9 

G2 

445 

23 3 ^ 10° 

15 4 

25 7 

32 

520 

17 7 10° 

12 5 

17 3 

15 

570 

GOO 

14 8\10 5 

12 8 /s 10° 

9 7 

12 1 

4 


(n ) Alloy Steels — Tho behaviour of special 
alloy steels at high temper at ure has been studied 
by Aitc lnson 5 A synopsis of results of tensile 
tests, most of which were mado at tho National 
Physical Laboratory, is given m Tablo 41, 
these show that tho tungsten steels with high 
percentages of carbon (i e about 0 6 per cent) 
have tho gicatcst tensile strength at liiglr 
temperate r os This strength is nearly equalled 

by the high chromium steels also containing 
a high percentage of carbon 
With high chromium and high tungsten 
steels tho percentage of caibon seems to play 
an important pait m their strength at high 
temperatures Thus with the 11 per cent 
chromium steel, leduomg tho carbon content 
from 10 to 0 4 per cent reduces the tonsile 
strength at 900° C from 7 5 to 4 8 tons per 
squaio mch, while a reduction of the chromium 
content from 11 per cent to 6 3 per cent, with 

4 Milt a d Kgl Techn Versuchsanstalten zu Beilin, 
1890 

6 “Valve Failures and Valve Steels in Internal 
Combustion Engines/ * Inst Auto Eng Proc ,1919 
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the caibon content at 1 per cent, Ins no effect 
on the tensile strength at that tempeiatnre 
When the tempeiatuie exceeds 600° 0 the 
strength of alloy steels falls off rapidly , this 
is particularly noticeable with nickel chrome 


on haul di awn copper and Inon/o urn show 
that between -~2() U C and IbO’C a me ul 
1° 0 corresponds to a dec lease ol 0 1 p< i unit 
of the bi caking loud and an men use ol 0,} 
pei cent m the total extension at IT' ( ( The io 


Table 41 


Steed 

Ultimate Strength m 

Tons pa Wq In ,it Tt nipt i itn 

15 

050 

700 

750 

800 

85(1 

non 

1 7 j>tr cent tungsten, 0 65 per cent carbon 

58 

25 

17 7 

13 

10 3 

11 i 

H S 

16 

u 

„ 0 45 

H 

% 

45 


15 5 




(i ] 

14 

M 

, 0 70 



51 

20 

15 0 

10 

7 0 

10 0 

7 ft 

12 


„ 0 45 



48 


14 7 


7 1 

1) 6 

7 1 

11 


chiomiuin, 0 40 



43 

14 

12 1 

8 

0 ft 


1 8 

11 


chromium, 1 0 



67 


15 1 

10 

8 5 

9 ft 

7ft 

63 


„ 0 5 



06 


17 0 




7 0 

63 

„ 

„ 1 1 



78 


18 5 




7 ft 

3 

„ 
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50 
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3 1) 

3 


„ 0 6 

? 




11 5 




i ft 

3 

99 

chromium, 0 35 

99 

f 



85 




1 2 

i 


„ 0 7 

93 




11 7 




( 0 

Ordinary nickel chromium 



55 

16 

10 5 

8 

7 0 

5 l 

*1 ft 


ft ft 


I 0 
ft ft 


3 0 
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steels and nickel steels, between which there 
is very little difference at high temperature 
(m ) Alloys — The use of httmgs under super- 
heated steam involves temperatures up to 
400° C , and the study of brasses, bronzes, etc , 
up to these temperatures has been undertaken 
by numerous investigators Unwin, 1 m 1889, 
communicated a report to the Bntish Associa 
tion on tensile tests of delta metal, gunmetal, 
muntz metal, copper, brass, phosphor bronze, 
and aluminium bionze at tempeiatuies up to 
350° C 

Rudeloff, 2 Bregowsky and Sprmg, 3 Dew 
ranee, 4 and Law 5 hat e also earned out a 
great deal of work on this subject 
The tensile strength at high temperatuies of 
aluminium copper, aluminium copper man 
ganese, and aluminium zinc alloys aie given in 
the reports of the Alloy Reseaich Committee 6 
The vanations, with temperatuie, m the 
properties of alloys are fan ly regulai , there 
is a fall in the tensile strength as the tempera- 
ture nses, with change of curvature and 
sometimes humps in the temperature-ultimate 
stress curve Rolled monel metal, an alloy of 
70 per cent nickel with 30 per cent copper, 
exhibits high strength and ductility at tem- 
peratures up to 550° C 
Tests at the National Physical Laboratory 7 

1 Report of Brit Assoc , 1889 
a In l%J SS< l e J e f ri Iat Proc > WOT, Vi /I 

* Hl gh Temperatures on the Physical 

for SS& A&SSfc 1 Si£ HX atl0ml Assmnt “”‘ 

4 Inst of Metals J , 1 Q 14 ; 

? Iron and Steel Inst J , Maj 1918 

ResStS iyATvn. PPCr Wlre " CoUected 


0 (' 
20 * ( 1 
«rc 
80* (' 
- !ttf»" (' 
bo Min- 


is also a slight alienation of the modulus of 
elasticity with tempoiuluroH mot wdh under 
climatic conditions 

§ ( 118 ) Tiunsilh Tims \t I any Ti,mi'i,u\. 
tubes — Those tosls ,uc usually canted out 
by surrounding tho tost picco with a bath 
containing a cooling substance, sue b ih 

Ico for tc nipmvt cues down to 
Ico and having salt foi temipeuahuei | 
down to f 

Pio/on mucuiy fox tom pcua tines down in 
8ohd caibon dioxide pow dei J or tom pem \ 
taies clown to j 

Licjuid air for tcmipcuatuies down to 

It is essential that the bath should 
lonnded with a casing containing down pntk- 
mg oi asbestos Hull in ordoi to obtain a 
uniform tamper at uio 

Ludeloll, m 189*5, louncl (bat non and steel 
gave increased yield stn*ss and ultimate* sticks 
as tho tampoiatuio was lowcml, wink* the 
extension wis geticially dec leased by moling 
lests mado at Watertown Arsenal “ gave* an 
increase of about 50 poi foil l* m the yield 
stress and 35 poi cent m (he ultimnte sticks 
ovoi tlio normal value's, when tasted at 185" 
0 , but tho oxtension decreased by (13 pc*r eent, 
Cast aluminium light alloys show an in- 
crease over the normal in ultimate strength 

- ]8,r o C ° nt at ~ 80<> ° ’ WMl a7 lm ' ,,w,t ,lt 

HO!)) Notoiifi) But Tksth at Vaiuinu 
Temper ATmuss — Clwrpy “ i uw „|, (lttn dml, 
with sled, the oik absorbed « tho fi actum 
ol a notched bar tost piece rises as tho tom- 

“ Enw lire , liv 65 
Inter Assoc Test Mat Pioc , H)0« 
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pci atuie is inci eased incl leaches a. maximum 
at about 150° C , it then dot leases and passes 
through a minimum between 400° 0 and 
500° C , and rises again until led heat is 
leached 

This work was confirmed by (bullet and 
Kovillon, 1 who gave the icmpeiatuies of 
maximum and minimum resistance to shock 
as 200° C and 475° 0 They say that tlieio 
is no paiticulai fragility in a steel bioken at 
blue heat (300 to ,125° C ) 

Quillet and Revillon camed out their tests 
on a Guillen bO Ivg M maclnno (see § (100)) 
Tlio test pieces weie heated m an electric 
furnace to slightly above the tcmpeiatui c 
required for the test, they weie then placed 
on the anvil and the temperature noted at tlio 
time of fractuie The tompoi atuie was clotci - 
mined by the use of a thermo-couple inserted 
m a small hole chilled m tho specimen and 
penetratmg up to about 3 mm from tho cross- 
section to be fiactured 

The ends of the test piece weie covered with 
asbestos to pievent the cooling of tho ex- 
tiemities when in contact with the anvil 
Tests at as close to 100° C as possible weie 
obtained by heating m boiling watei 

Aitchison has shown that with alloy stools 
the notched bar tests at high tempoiatures aie 
a reflection of the tensile strength of tho steels, 
bemg more or less inversely piopoitional to 
that piopeity In all eases the steels gave 
higher values at elevated temperatures than 
they did under normal conditions 


Some tests on carbon steels at low tempera- 
tures, carried out at the National Physical 
Laboratory, aie given m Table 42 
Tests at the low temperatuies on various 
alloy steels show that, gencially, Ihoio is an 
appreciable drop in the energy absorbed in 
fracture between 17 J° C and -40° 0, but 
that between -40 and -80 a C the drop, if 
any, is .small, and m many cases there is a 
distinct rise in the value 

1 Inter Assoc Test Mat Proa, 1000, ill /4 


§ (120) Bum HARDNESS IVfcTH U 1 VaRTINU 
TlmpL’KAIURJ'S — - Kthx Rohm has shown that 
the euives connecting luidiuss and tcmpoia- 
tuio are of tho same general loim as the tensile 
strength tempo! aim e uuves 

Aitchison 2 gives results of baldness tests at 
high tcmpoiatuies on tungsten steels of t annus 
compositions, langmg Jtom 10 pel cent to 
18 pei cent tungsten, and from 0 2 per cent 
to 0 7 pei cent carbon Both mvcstigatois 
find a similar xegulai drop m tlio baldness as 
the tempo! atuie mu eases 

In (88) it is pointed out that a dynamic 
baldness test is extremely useful im tests at 
high tcmpoiatuies Aitchison notes that his 
hardness tests w r eie camed out by C A 
Edwaids, so that it is probable that the 
results weie obtained by the dynamic 
method clescuhcd by Edwaids m Ins paper 
read bofoie tho Institution of Mechanical 
Engineers J 

Iladfield 4 finds that the hatdncss of 
steel at tho temperatuic oJ liquid an 
( - 185° (J ) is double that given at normal 
temper a true 

§ (121) Alternating Stress Tests at 
Varying Temperatures — Veiv little ex- 
perimental work has been earned out on tlio 
effect of high tempoiatuies on tho strength of 
materials undoi alternating stresses Unwin 5 
eonduetecl some tests at a tompoi atuie of 
200° 0 and found that “the hot bais stood 
variations of stress rather better than the cold 
ones ” 


Rome teats camed out by the author on 
steel, having a pnmitivc elastic of 21 tons per 
square inch, ultimate stiess ol 40 tons per 
square mch, jier cent extension of 20 and 

3 “ V live failures and Valve Steels m Internal 
Combustion Engines,” Inst Auto Eng Ptoc , 10 in 
a Edwaids and Willis, “A Law go\ tuning tlu 
Resistance to Penetration of Metals when tested by 
Impact with a 10-mm Steel 11 ill,” Inst Meek Eng 
J , 1018 

1 Tron and Steel Inst J , 1000 
5 “Testing of Materials of Construction” 1910 
edition, p 385 


Tabie 42 

Notgiied Bar Tnsrs at Low Ti-Mrisin. tores 


Tensile Test of Material at 171° C 

Chupy Note hod Bar Impact Test, on 

5 x 5 \ 27-mm Specimens with 45° 

Veo Notch, L nun dot p, anti 

0 J 25 mm Hoot il idius 

Yield Stiess 

XJItimate Stiess 

Extension 

ItediK tion 
of Aiea 

Pei c ent 

Erieigv absoibt d m Erictmo m Kg M 

Tons/Sq in 

Tons/Sq In 

Per c ent 

IU" C 

-10’ C 

-M)’ V 

14 

26 1 

42 0 

01 

2 10 

0 13 

0 10 

31 

53 1 

22 5 

41 

0 20 

0 10 

0 19 


Results an 

tlio avciago of hvo tests 
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per cent reduction of area at fractuxe of 52, I of which the urnci 01 ouiti.il pm lion (heart 
gave the results given m Table 43 | wood) is usually the +iongoi m mature tree* 

Tibi r 43 


Alternating Stress Tests on Steel at 20° V and 210° 0 


Range of Stress 
Tons/Sq In 

Alternations 
before Frictuie 

Temper atiue 
°C 

Hi m irks 

+ 18 2 to -18 2 

2,429,400 

20 

Uhbiokui 

+ 19 2 to -19 2 

3,299,500 



+20 9 to -20 9 

3,268,400 

M 


+21 7 to -21 7 

1,121,000 


Biokea 

+23 7 to - 23 7 

3,240,000 



+24 6 to - 24 6 

1,996,900 


l 

+16 5 to -16 5 

2,069,000 

250 

Unbroken 

+ 17 0 to -17 0 

2,115,600 


Bioken 

+ 17 2 to -17 2 

313,050 



+18 8 to -18 8 

383,750 


9f 


Limiting H ingo 
ol .siu*Si 
Tons/N<| hi 


I 21 to 21 


I 10 b <o l(> I, 


The tests were made in a machine of the 
Wohler type, the test piece running m an oil- 
bath heated electrically, and show a reduction 
of 20 per cent m the limiting range of stress 
by raising the temperature from 20 to 250° C 
They were carried out at a speed of 2000 
alternations per minute 
Tests on some rolled aluminium light alloys 
by the same method, gave the results in 
Table 44 


Each annual rmg itself consists ol two parts, 
viz tho mnei oi spung wood and Uio outoi or 
summer wood, of which tho latter in the denser, 
harder, and stiongc i Tho strength of a piece 
of tnnbei can Ihoiofoio bo lougbly gauged by 
the piopoition of summci wood m the annual 
rings 

The width of the annual lings indicates the 
rate of growth of the tiec — rapid growth being 
shown by wide lings — they lliciofmc give 


Table 44 


Alternating Stress Tests on Rolled Aluminium Allo\s at 20° 0 and 150" V 


No 

Ultimate Stress m Static Test 

Tons/Sq In 

20° G 

150° C 

200° 0 

A 

2 19 



B 

26 6 

21 1 

19 5 

C 

28 0 

21 5 

19 8 

D 

24 3 

21 4 

19 5 

E 

22 7 

20 3 

15 4 


Estmntccl Limiting Range of Alternating Htirm 
in Fatigue Tons/Hq In 


20 " 0 


1 %' Cl 


4- 6 5 to - 6 5 
+10 5 to -10 5 
4 10 2 to - 10 2 
+ 10 2 to - 10 2 
H 0 0 to - 0 0 


4 5 5 to 5 6 
I 7 0 to 7 t) 
15 0 to - 5 0 
1-8 4 to -8 4 
I 0 5 to - 6 5 


These results show that, whereas the average 
reduction in static strength by alteration of 
temperature from 20 to 150° C 13 about 
17 per cent, the corresponding reduction in 
the fatigue range is about 30 pei cent 
The average hunting elastic range (at 20° C ) 
for the five alloys (A to E) is about 75 per cent 
of the static ultimate stress With steel this 
value is of the order of 90 per cent 

VIII Tests on Materials op Construction 
§ (l 22) Testing op Timber — Examination 
of the cross section of a sawn log of structural 
timber shows a central pith surrounded by 
concentric rings which are in turn encncled 
by the outer bark Each nng represents the 
growth of one year in the life of the tree 
These annual nngs can be roughly divided 
into two sections, heartwood and sapwood, 


useful information as to tho imilmimly of 
growth Tho rings aro usually widest at the 
centie and become closer near to Urn bark, 
Their width and distribution often vmy m 
different tieos of tho flame hind, m various 
parts of the same tree, and in chlToient parts of 
the same cross section 
Timbei is usually divided into two classes 
hardwood and softwood Tho former is derived 
principally from bioad-lea\ed deciduous trees, 
while the latter is obtained from evergreen 
conifers (needle leaved tiees) Exceptions to 
this classification are yew and long leaf pme, 
wdnch are hardwoods although coming from 
conifers, while hoise chestnut, poplm and bass- 
wood (broad-leaved trees) are softwoods 
Timber is used by engineers principally Cor 
structural purposes, and a knowledge of its 
behaviour under various conditions of stiess 
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noraisai y if lfc w to bo used to tlio best 

(i ) Density and Bpc( if to G) aviiy — The density 
Etimbct is hugely uilectcd by the percentage 
f moistuie that it contains, by its idle of 
Lowth, position m the lice, and peieentage of 

imraei wood , J J 

As the density is closely related to the 
lcchamcal piopoities of tmibci, its detor- 
nnation is of impoi lance It is usually 

sceitaiiK d by measuring and weighing 
aicfully pi opal od pieces which, foi ptefcr- 
nee, are made in the foim of cubes oi prisms 
f b , l, and h ate tho three dimensions of the 
Jock m oontunoUes and W is the weight in 
jiamincs, 

then the spccihc gnivily™ W/(6 y txh) 
and weight pei cubic feet™ W<7/(& xt Ah), 
vhoro g is tbo weight of a cubic foot of water 
n lbs (62 1) 

Foi compaiativo lesults tho moistuie content 
nust ho the same , tho density is theiefoie 
lsrnlly cat nod out on ch led samples Eor this 
puiposo they aio dued in an oven at 100° C 
mill of constant weight, and tho density cal- 
culated fiom this v eight m conjunction with 
Lho dimensions (dry) 

(n ) Pet cottage- of Moistui e —All tho mechani- 
cal pi opci tic*s of timber am affected by the 
moisture content The stiongth becomes loss as 
the pei contago of moistuie inei eases A deter- 
mination of lho percentage of moisture is 
always made flora each tost pieco, and results 
v, inch do not include this information are 
valueless 

The detoi munition of tho moistuie content 
is made on pieces cut horn each sample , m 
tho case of tension, slieai, and cleavage tests, 
Uicso consist of pieces split off adjacent to tho 
failuie Prom other pieces a diso or cube is 
taken fiom as neai to the point of ftactuio as 
possible 

Discs, etc, aio weighed immediately that 
they aio cut, they aio then dued m an oven 
with fice cn culation, and kept at a constant 
temper aim o of 100° 0 until they cease to 
lose weight by fiuther diymg They are then 
rcweighod The moisture contained is ex- 
pressed as a percentage of the dry weight of 
tho Innboi 

If w w ™ weight before drying, 

w tl ™ weight alter drying, 
peicentago of moisture = 1 00 x — w<i)-~ w d 

In order to hasten tho diymg process, the 
test piece is sometimes cut mto small match- 
sticks or shavings bored from tho sample used 
If this is done, 12 hours’ diymg is usually 
sufficient Drying at 100° C will eliminate all 
except about 2 per cent of the moisture, and 
this cannot bo lemoved without igniting the 
sample 

Sections of beams are usually cut into small 
pieces for a moisture determination of each 


piece, m oidei to examine the distribution of 
moistuie tluoughout the section The results 
fiom such a dctcimmation on pieces of spruce 
and hi are given m Figs 143 and 144 

(m ) Ring* per inch , pei cent of Bapwood , and 
per cent of Summer Wood — These estimations 
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Fie 143 

are usually made on the piece cut for percentage 
of moisture determination A line, one inch 
long, is drawn on the cross -section of the disc 
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FIG 144 

m a radial direction and passing through a 
region of average development 

The width of summer wood crossed by this 
line is obtained by spacmg off accumulatively, 
on a pair of dividers, the width of the summer 
wood bands for each annual ring m succession 
The final distance between the pomts of the 
dividers, in hundredths of an inch, is equal to 
the percentage of summei wood 
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The number of lings pei inch is obtained 
by noting the number of annual rings crossed 
by the incasmed inch 

The peicentage of sap wood is estimated by 
measuimg the amount of the cioss sectional 
area m winch sap wood appeals and expressing 
this as a percentage of the whole area 

% (123) Drying Timber Tcst Pieces —In 
oider to obtain reliable data from the vanous 
tests on timber, the information is usually 
lefeired to some standard peicentage of 
moistuie It is considered that timber, if 
thoioughly dned, will reabsorb 12 to 15 pei 
cent of moisture from the atmosphere Some 
experimented therefore use 12 per cent, but 
tlie majouty adopt 15 pei cent as the standard 
for companson Tests aie usually earned out 
at peicentages of moisture above, below, and 


usually left at least J m laigci on each oi 
the cioss -sectional dimensions and also u>n- 
sidei ably longer Befoie diymg in the lain 
the percentage moistuie is obtained fiom 
pieces cut fiom each end of the sample, and 
from this information the leductmn m weight 
which is xequired by the lain diymg m older 
to reduce the sample to the lower moisture 
content is calculated The diymg of the test 
sample is continued until the i eduction m 
weight is obtained 

§ (124) Size of Test Pieofs for Tims on 
Timber — Timber tests aie divided mto two 
classes 

(1) 44 Scientific ” tests of small «s penmen* 
fiee from knots oi other blemishes and oi 
uniform moistuie content 

(2) Tests on full size members of structures — 


Sectional Elevation on XY 



approximately at the standard, and for this 
purpose it is necessary to dry samples fiom 
the higher to the lower figure 

Two methods of drying are adopted, viz 
an diymg (or seasoning) and kiln diymg, but 
owing to the long time required for successful 
atr drying, lain drying is usually resorted to 
for tost work 

An experimental hot-au -drying oven or kiln, 
which has been successfully used, is shown in 
Fig 145 The samples are placed on a tray 
A in a oucular vessel B which is heated 
by a gas burner C, and a current of an is 
driven through this vessel by a rotary fan 
D A complete record of the temperature, 
which is nevei allowed to exceed 80° C , is 
obtained by a iccordor which is placed along- 
side the test samples 

The test pieces are prepared from the samples 
after drying, and for this puipose the latter are 


struts, beams, etc , winch arc not homogeneous 
and contain senous dofocts 

Tests aio necessary under both conditions 
Laige sections have the same stiengtli per 
unit aiea as small ones when both aio of the 
same proportions and similaily freo fiom 
defects, but under practical conditions it is 
found that this law of sirailanty is not loalisecl, 
and that tests on small pieces give values foi 
the stiength of timbei in excess of tlio strength 
of laige pieces 

§ (125) Tensile Tests of Timber — All 
comprehensive investigations m icgaid to the 
strength of timber include a determination of 
its tensile strength as it is of scion tifio lmpoi t- 
ance The lesistanco of timber to tonsile forces 
parallel to the gram is greater than under any 
other land of loading In timber structures the 
tension members aze joined at their ends to 
other parts of the structure, and the weakest 
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point is the joint which la subjected In 
sheai 

It follows that the tensile stiength docs not 
Tovern the stiength of the member, and theio 
foie, fiom a practical point of view, it is oi 
secondary importance 


a (oinpiossomotoi (‘II)) These give an 
initial jxntion of iho (iu\e whali is uppievi- 
matoly straight, and it is (int-omniy fiom tins 
cui\o to obtain the modulus ol elasticity, and 
cninpu'HSive stiess at the limit ol pmpoitiun- 
ahly T\picai lesults ate given in Table 15 


Tver ifl 15 


Compression (CitiTsiiiNn) Tens on Trivial h vionu thu (Irvin 
T< st I’u ees 2 2 tmulus 


Timtx i 

Rings 

pci 

Inch 

Moist in o 
Pei cent 

Limit of 
lhopoitionalUy 
Lbs /hq In 

(hushing 

Muss 

J3m /Hq In 

Modulus of 

Mint Icily 

Lbs /Sq In 

Spci illn 
( davit y 

Oak (English) 

7 

21 

2770 

5300 

0 <10 

]()« 

0 7(i 

<) 

11 

2530 

5110 

0 02 

10“ 

0 83 

Fir (Russian) 

18 

14 

0020 

8010 

2 00 

10“ 

0 71 

Spiucc (Olu ist lanrn) 

10 

12 

3200 

4000 

J 08 

10“ 

0 30 

Fir (Columbian) 

121 

12 

7200 

9000 

3 10 

10“ 

0 78 


The heads and shoulders of tensile test 
pieces have to bo very greatly enlarged, 
rtheiwiso failmo takes place either by shcanng 
rf the ends along the giam oi by enishmg of 
bhe ends across the gram The typo of test 
piece adopted is shown m Fig 110 The 
Eection to fracture is natuially small in com- 
parison to the ends Test pieces similar to 
bhat shown m the figure, hut having the 


y n^ 2 yJi^ 3 'lA 


• 20 " 


IP 


Fig 116 


reduced diameter 1 25 inches instead of 0 50 1 
inches, are sometimes used 
§ (120) Compression Tests on Timber* — 
Compression tests along the gram give reliable 



Crushing Test Piece 
FIG 147 


indications of the quality oi samples oi timber 
Failure usually takes place by shcanng along 
planes inclined about 60 to 75° with tho axis, 
hut sometimes by longitudinal splitting Tho 
test pieces (Fig 147) are generally prisms 
2 x 2 x 4" or 3 x 3 x G" 

For investigatory work it is usual to deter- 
mine stress-strain diagrams with the aid of 


^ (127) Sn baring Strength OB TUVIBIjR —"It 
is Honor ally acknowledged by all authorities 
that aecuiato tests of tho shoaimg stiongth of 



limber are difficult to make' Two methods 
have been adopted 

(1) With the lost, pioco m double shoai us 
indicated in Fig 1 t-B. 



Fig J 40 


(2) With tho timber under single shear 
(Fig 149) This method lias been used with 
success by Wai pen 1 

1 Report of the Departnunt of Forest u/ N F W , 
Australia, 19J1, on “ JST,S W Haulwood TimboiH," 
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The resistance of various woods to shcai 
across the gram has been determined by 
Trautwme, 1 whose test pieces were cylindrical 
pms J in diameter subjected to double 
shcai 

§ (128) Bunding Tests — Bending tests are 
probably the commonest for timber, because 
of the great use of wood for rafters, joists, 
beams, and other parts of structures subjected 
to bending Long pieces of fairly laige section 
can be tested without testing machines of big 
proportions 

Test pieces are usually rectangular, are 
supported at the ends, and loaded either in 
the centre or at two points as indicated m 
Figs 40 and 41 (§ (12)) The latter method 
(called four-point loading! is now geneially 
preferred, as the maximum bending moment 
is spread over half of the span and is not 
limited to the pomt directly under the apph ca- 
tion of the load as it is in the central loading 
method 

A sketch showing the direction of the gram 
at the ends, and the number of the annual 
nngs, should accompany each test as well as 
an indication of the position and mode of 
fracture The position and character of any 
defects such as knots should also bo specially 
noted Failure may take place by tension, 
compression, or longitudinal shear along the 
gram 

For the determination of the limit of pro- 
portionality and coefficient of elasticity it is 
necessary to measure the deflection for known 
increments of the load Instruments for doing 
this are described in § (56) 

The strength factor usually measured is the 
modulus of rupture or coefficient of bending 
strength Although a fictitious value, it is, 
nevertheless, a valuable index of the quality 
of the timber 

The vanous values obtained fiom the test 
data are calculated in the following way 

If P = Total load at the limit of proportion ahty, 
B= Total load at fracture, 

Z=Span between the supports, 

Width of cross-section of the test piece, 
h = Depth of the cross-section of the test 

piece, 

d = Measured deflection at the limit of pro- 
portionality 

(i)Jor central loading (deflection measured 
on length =Z) 

Greatest shearing stress = 3B j4bh 
Stress at the proportional limit = 3P//26/i 2 
Modulus of rupture = SBl/2bh 2 
Modulus of elasticity = PZ 3 /4 £> JPd 
(u ) For four-point hading (where the distance 
between the loadmg points =L, and the 
deflection is measured on length l m 
the section under uniform bending 

1 Franllin Inst Journal , cix 100 


moment, and l x is Jim than L 15 and 
P aio the sum of the two loads at the 
loadmg points! 

Greatest aheanng stress 3B/Wf 
Stress at proportional limit .}P(/ — L)/2 hd * 
Modulus of nipt me- 3B(/~ L)/2 bd\ 
Modulus of clotti' ity «5P(/~ LjV/hM 

Fig 150 shows typical load deflection, 
diagrams foi Ghustiama spiueo and Poloisbuig 



Fiq 150 


fir, while Fig 151 gives the load extension 
chagiams m tension and oompioNsjon Joi the 
same materials 



§ (120) Toughness Tests — Toughness is ob- 
tained by moans of a notched bar impact tost 
m which the energy absorbed by the specimen 
is measured by the loss of energy m a swing- 
mg tup which breaks the material by a single, 
blow Fig 152 shows the manner m which 
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an Izod testing machine (see (100)) is utilised 
to carry out this test, and the form of test 
piece is given m Fig 153 The test piece is 
notched with the annular rings as indicated 



in the sketch, and the top of it, where tho tup 
strikes, is piotected by a steel plate 

I?npact Bending Test —In this test the 
specimen (2x2x30") is suppoited at the 
ends on a span of 28 


Note the position of 
the Annual rings 


inches Tho load is 
applied by dropping 

^ a hammer ujion the 

j j specimen at mid-span, 

\ Tup strikes from an mltlal hei S ht 
1 ' of one inch For sue 

ceoding diops the 
height is increased by 
1-mch increments up 
to 10 inches, andtheie 
aftei drops are made at 
successive increments 
of 2 inches, until 
failuie Hammeis of 
50, 100, and 250 lbs 
are used 

Deflections of the 
specimen aio mcasmed 
Fig 153 with eac h drop, and a 

cuive is diawn con 
nectmg height of drop and deflection squared 
Deflections are obtamod from a diop cuive 
traced on a revolving drum 



If W = weight of the hammer, 

H = height of drop at elastic limit, 

F= fibre stress at elastic limit, 

D=cential deflection of specimen at 
elastic limit, 
b— breadth of specimen, 
h~ height of specimen, 

L = span, 

then 

Fibre stress at elastic limit = 3WHL/D6A® 
Modulus of elasticity =L S x F/6D/z 
"Work to elastic limit = WH/5AL, 


^ (130) Cm- avabtltty — For the lcsistanco 
to splitting tho USA Dopaitment of Agncul- 
turo use tho test piece indicated m Fig 154, 
and o\pioss tho results m pounds per inch 
of width tit fracture Tests have been earned 
out to doteimme the resistance to splitting 
radially as well as tangentially to the annular 

1 

r~1 Fastened to G) osshead 
\ \ of Testing Machine 

Test Piece 



Fastened to Cl osshead 
of Testing Machine 


| FIG 154 

rings, and the results (Tablo 46) show that 
most hardwoods split more easily along laclial 
planes than along tangential surfaces 


Table 4G 


Kind of Timber 

Cleavage Stiengtli in 
Pounds per Inch of Width 

JXadi.il Tangential 

Hardwoods — 



Ash 

322 

316 

Elm 

297 

357 

Oak 

370 

462 

Softwoods — 



Fir 

138 

149 

Hcmlook 

168 

151 

Yellow pmo 

155 

173 

Spiuco 

120 

139 


Splitting is related to tensile strength across 
the gram A high value is advantageous for 
timber which has to bo fastened by nails or 
spikes 

§ (131) Hardness Tests orsr Timber — The 
ball hardness test has been applied to timber 
m two ways 

(I) The first method, adopted by Warren, 1 
follows tho Brmell test for metals, viz a 
ball of fixed diameter is pressed into the 
timber under a known load maintained for a 
stated time The hardness number is calcu- 
lated from the formula 



1 Report of the Department of Forestry , NSW, 
Australia , 1911, on “NSW Hardwood Timbers ” 
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wliere H = tfie hardness number, 

P = the load m lalogi amnios, 

A = tlie projected area of the indenta- 
tion (7rd 2 4) 

Wairen uses a ball of 20 mm , load of 1000 
and time of 2 minutes He found that 
LUe hardness along the fibre is considerably 
gieatei than either parallel oi perpendiculai 
to the annular lings 

tt *^ 10 &econd m °tIiod, largely used m tho 
is to pi ess a ball of 0 444 inch 
cuametei into tho tnnbei until it has pene- 
Wed 0 222 meh The load required is 
taken, as a measure of tho hardness The 
test tool is a steel bai with a hemisphencal 
?, ncL Tins end projects through a hole m 
the bottom of a cup -shaped washer When 
the tool has penetrated tho timber to tho 
collect depth there is binding between the 
steel bar, washer, and specimen Tho load 
at that instant is noted 

With the Ludwik cone test Wairen 1 used 
the standard 90° cone and a piessuro of 400 
Kilogrammes applied for one minute The 
depth was measured hy an indicator as the 
tost proceeded 

§ (132) Resistance or Timbers to Abra- 
siok anb Wear — Relative weai has been 
tented by pressing blocks of tho mateimi 2 x 2" 
under a pleasure of 2b lbs against a table 
covered with fine sandpaper and i evolving at 
<kS revolutions pei minute A better method 
Yvas u&cd by YVarien, 2 who utilised a sand- 
blast Tho test piece, 3 x 3 x 1", was clamped 
against a plate having a 2J-mch hole m it, 
and together with the plate -was rotated about 
its own a\is A jet of supciheatcd steam 
unclox a pressure of 43 lbs pei square inch, 
carrying sand m it, was projected through 
an expanding nozzle on to the surface of tho 
rotating tost piece The sand-blast wore 
away tlio wood on tho exposed diamotei of 
inches, and the loss of weight of the tost 
picico in. two minutes’ exposure gave a measure 
oL tho wealing quality of tho wood Tosts 
woto made — 

(a) Parallel to the direction of tho fibro 

(b) Perpendiculai to the clnoction of the 
hlne and perpendicular to tho annulai imgs 

(c) Perpendiculai to tho direction of tho 
h bi o and tangential to the annular imgs 

r riio lesults showed that tho wear was least 
■parallel to tho dnection of fibre, the latio m 
tho tliroo directions being a, b c = l 2\ 4 
§ (7 33) Holding- Tower oe Nails and 
.Spikes in Wood— Hails hold m timber by 
vi it no of tho f notion developed between tho 
fun face of the nail and the fibies of the timber 
An investigation into the holding powei of nails 
mid spikes in Austiahan timber was earned out 


by Wanon m 1911, who found that Atnliahan 
timbers wcie so haid that it was noecs-atiy to 
fust bore a hole slightly smalloi than tho nail 
m ordei to pi event either buckling of tho 
nail or splitting of tho timboi .Six inch No 1 
S W G smooth steel wne typo mils wcie 
driven to a depth of 3J inches m the timboi 
m holes bored to -A -inch diameter They 
were withdrawn by pulling m the testing 
machine, and the loads to pull from vanous 
depths were noted Tho icsults showed that 
the holding power was approximately pro- 
portional to the depth, as shown in Table 47 

Table 47 

Holding Power ot, Nuts 



1 JtepoH of the Department of Fajc^tru, NSW 
jUntialm, 1911, on “N S W, Hardwood Timbers” * 

4. Old, 


Tor dnving spikes, holes slightly smaller 
than the diameter of the spike must bo dulled 
Wairen found that J-mch square section 
twisted spikes required 30 poi cont uioio 
load to withdraw thorn than /-inch square 
oi J-mcli circular black non straight spikes 
Hatt, 3 experimenting wuth 4 -meh to 
y-mch square smooth spikes and seiowed 
spikes pitch J inch, loot diameter ] J meh, 
driven in 13 -meh holes to a depth of 5 inches, 
found that the plain spikes had about fltf per 
cent of the resistance of tho snowed ones 
XIatts results agreed with those of Wanon 
m showing that tho holding power was 
proportional to tho depth 
§ (134) Influence oe Conditions of Tests 
upon Results (i ) The Ji]ffc<t oj Monlme - 
Jfio effect of moisture on tho strength of wood 
has been thoroughly investigated by Tiemami, 1 
and his results, which aio fully given by 
Johnson, 5 show that there is a largo increase 
m crushing stiength, modulus of elasticity, and 
modulus of ruptuie with a dccioaso m tho 
moisture content Table 48 gives tho approxi- 
mate figures for spiuco, chestnut, and pmo 
(h) effect of Tempeuiture of Testing —Tho 
oiclmaiy variations of temper atuio of tho 
laboratory (15“ 0 to 25“ C ) a.o not impoHant, 
out it greater extremes occur it is advisable 
tiiat the temporatuie at wind! tho tests am 
earned out should bo controlled Tests made 
at iorduo University show an moioaso m tho 
strength of red oak ties of from 9 per cent to 

f£?c V n° nt by testing tllom at °° ( ' instead 
of 20° 0 


” mm ^70 12 & R % En p r ^ sm 
Circular No 108,1907 * enice > X°9C, and 

* Materials of Construction, 1018 od , p 105, 
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(m ) tiffed of tipeed of Tcdmq — Thui ston 1 
mild that 00 pci cent of tho breaking load 
ivcn by ptogics&ive loading on the ordinary 
isting machine -would break bonus if left 
i placo for nine months Experimenting 
ti the same subject, Johnson 2 detei mined 


Tunas 48 

in « lot on Test Eesijlis of Vaiuing Mois tore 
Content 


Mitei ill 

Per cent Inue iso m Value by 
thy mg fiom 20 pot cent to 

10 pci cent of Moistuie 


(kuslung 

Stiength 

Modulus 
of Elasticity 

Modulus 
of Rupture 

Eastern 1 
spruce / 
jliewlmit 
Longleaf \ 
pino / 

02 

59 

89 

11 

25 

21 

52 

44 

47 


ut it was not safe to assumo that tho 
?i manont load which timboi would cany was 
eater than 50 per cent of the shoit time 
Itimato load as ordinarily found by tho 
sating machine 

It is evident, therefore, that tho influence 
‘ time must bo allowed foi in testing wood 
s a lcsult of woik bv Ticmann, 3 the USA 
oi cat Sci vice of Agi icultuxo bavo standardised 
bio strain an testing, e g 


Pci Minute 
per Inch 

ending tests on timber of structural si/o 0 0007" 
mcling tests on small beams 0 0015" 

impression paialiol to giam, largo test) 
pieces f 0 0016 


impression paialld to gram, small tost \ 
X>ieees J 

icaung along tho giam 


0 0010 " 
0 0150" 


The stiength of wet or gieon wood is much 
ore sensitive to changes of speed than is dry 
ood A change of the above speeds by 50 
a cent may oidmanly bo allowed without 
using a variation in stiength of over 2 por 
nt 

The modulus of elasticity in bending was 
und to be practically constant with ( hango 
speed 

§ (IN)) Testing of Stone, Brick, and Gon- 
itis — The important characteristics of stones 
id bucks from an engineer’s standpoint aio 
so of working, durability, and stiength 
Liability depends on lesistance to 

(a) Abrasion or attrition 

(b) Absorption of water 

(f ) Alternate freezing and thawing 

(d) Eire 

(e) Acid 


1 Materials of Construction, part n 
8 Ibid , 1018 eel , p 208 
8 A?na Soc Test Mat Troc , 1918, vui 511 

vol I 


{Stoq.es and bricks arc subjected m piutuo 
to compression, sometimes to tiansveise stioss 
and oheaung, but not to tension except such 
as would bo caused by wind piossuio oi other 
lateral forces Besides resistance to theso 
forces the S])eeihe gravity is ail impoitant 
property Eoi a given stone tho spoeiho 
giavity and strength increase ooneunently, 
while for some purposes gioator stability is 
given by higher specific giavity 

With contieto, a knowledge oi its elastic 
const into and tensile stiength, of its icsistaneo 
to fatigue and permeability to water, a*o 
requisite foi the purposes of design 

(i ) Detn minalion of tiptnfu Chmnty — In 
order to detonmno the specific gravity (in- 
cluding tho poies) the sample is clued at 
100° 0 until it is of constant weight, and, 
when cool, coated with a tlnn film of paraffin 
wax and weighed in m and watei 
If W tt ~ weight in an, 

and W„, ~ weight in water , 

tho specific gravity - W„/(W fl — W w ) 

A correction for tho film of paid (tin wax can 
be made if tho results aio lequnod to a high 
degree of ac cui acy 

Tho turn specific giavity of the stone sub- 
stance is obtained by grinding tho diy stone 
to a powder and detei mining tho specific 
giavity of the powder with a stanctaiilisod 
Lo Chatehoi apparatus oi similar foi in of 
specific giavity apparatus 

The porosity of tho material can bo obtained 
by making both tho above determinations 
Then if specific gravity of the stone 
substance, and tho other values aio as 
before 

(W 0 — W«>)/Wcight ot a cubic unit of water 
= Volume of tho stone | poies A 
W tt /(Wcighl of a cubic unit of water ^ 8#) 
-Volume of the stone substance- B 
Then tlio porosity (A— B)/A 
(n ) Absoi ption of Watoi — Tho usual method 
ot obtaining tho amount of watei wfiieli stone, 
buck, or conuoto will absoib is to linmoiso 
tho specimen m water at approximately 
20° 0 after it lias boon dried at 300° (', 
cooled, and weighed The immersion is 
continued for tlneo days, when tho suifaeo 
water is removed and tho material is ro- 
woighcd Tho me i case in weight divided 
by the original weight and multiplied by 100 
gives the percentage abaci ptnm Tho process 
is sometimes hastened by eliminating tho long 
period of soaking and nnmoismg tho test piece 
m water which is slowly raised to bmlmg- 
pomt and kept at that temperature for hvo 
hours 

A slight modification is sometimes intro- 
duced by weighing tho specimen m air (W a ), 
m water immediately alter immersion (W w ,), 
and also in. water after three days’ immersion 


Q 
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(W l w ) Then the absorption m pounds of 
water pei cubic foot of material 


-Z -S^xeasr 

Wo~ WiO 


(m ) Alternate Freezing and Thawing — This 
test is made by subjecting the specimen to a 
temporatuie of - 10° C to - 20° 0 for at 
least foui hours after it has been thoroughly 
saturated with watei It is usual to ajiply ten 
alternate freezings and thawings, and then 
employ the master test of crushing 

(iv ) Ablation and Attntion — Bauschinger 1 
devised an abrasion test for stone which con- 
sisted m pressing a 4-meli cube of the material, 
undoi pressure of 4 lbs per square inch, 
against an iron plate rotating at 20 i evolutions 
pei minute The test pieces were lived at a 
radius of 191 inches, and the abrasive employed 
was fine emery (No 3) fed on to the plate 
at the late of 2 gi amines pier i evolution 

This test does not differ gieatly fiom the 
Doriy test foi load stones 

The sand-blast test was used by Gary 2 as 
an additional abrasion test foi stone He 
gave comparative lesults by the two methods, 
togother with the crushing strength , these aie 
given m Table 49 


is usually accepted as being the entenon of the 
mechanical qualities of buttle nutenals such 
as stone, buck, and conciele 

In carrying out tins test the kind of bedding 
employed has a gieat influence on the results 
Unwin 4 has sho\/n that fluidity of the bedding 
produces vertical splitting of the test picco 
and a consrdeiable leduction ot tho crushing 
strength The common piactico of putting 
wood or lead liyeis in between tho test, piece 
and tho tcsiing-m uhmo compression blocks, 
m oidei to allow for megulanties m the siufaco 
of the specimen and to distribute the pressure 
ovet that suifacc, is oironeous In order to 
obtain piano parallel faces, Unwin’s method 
of applying thin layers of plastei of Pans 
has been used by tho author foi a considerable 
number of tests without obtaining any un- 
satisfacloiy fractures 

The information obtained from tho test is 
the stiess at which the hist eiach appears and 
the ultimate ciuslimg stioss It is ossential 
that the load should be applied avully, and 
the compression blocks arc usually suiqihod 
with spherical scatmgs (see § (12)) 

From the character of tho final breakdown 
and shape of the fragments it can bo dotoi- 
imned whether tho load was applied correctly 


Table 49 


Results oi Abrasion Tests on Building Stones bv Gari 


Area of Specimens used on Grinding Table = 7 75 sex in 
Diameter of Nozzle on Sand blasting Device =2 36 mobes 




Volume of Wear m Culm Inc lit s poi Hcj In 


Compressive 

1 



Kind of Stone 

Strength 
Lbs/Sq In 

1 

On Grinding Table 

With Hand Blast 






Porpondu ul u to 
Itiit 

Parallel to LUfl 

Basalt 

38 900 

0 042 

0 024 

0 025 

Gramto 

21,360 

0 041 

0 017 

0 052 

Gneiss 

21,230 

0 079 

0 056 

0 015 

Porphyry 

17,810 

0 068 

0 046 

0 Old 

Graynackc 

15,780 

0 085 

0 059 

0 058 

Sandstone 

6 640 

0 141 

0 155 

0 117 

Slate 

7,480 

0 234 

0 111 

0 082 


* A clonhe suulstone containing rounded or angular paiiiclcB of qiuiU, felspar, or slab 


A “ rattler ” test is used m tho USA for Photographs of broken concrete tost pieces, 
paving buck, and the conditions of the test showing the sheanng angles of 415°, winch ai 0 
have been standardised 3 It consists m placing 
ten samples of tho matenal in a cylinder 
together with an abrasive charge consisting of 
20 cast-lion spheres of two sizes The loss m 
weight is calculated as a percentage of the 
initial weight of the sampilcs This test is 
somewhat similar to the Deval Attrition Test 
or Lovcgrove Rattler Test ror road stones 
(v) Gntthing Te,s Us — The crushing strength 

1 Bausehmgei ’s ComnmnK atiou s, 1884, \ 

4 Bcmmatcrialicnhmde, \ 1 % 

3 Standard Specification foi Paving Brick of the 
Ameiican Society for Testing Materials Serial 
Designation =07- 15 


Fm J55 

obtained with the crushing of brittle mafceuals, 
are given m Fig 155 

4 Report of British Association, 1887, p 879. 
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Foi geometrically similar test pieces the 
crushing strength is proportional to the cioss 
sectional aiea Withm the limits where 
bending occurs, the crushing strength becomes 
less as the height of the test pieces increases 
For prisms and cylinders of the same height 
and cross sectional aiea the crushing strength 
squared is mveisely proportional to the 
circumference of the test piece 
The compressive strength of concrete is 
reduced, by an excess of water during mixing, 
to a fi actional pait of that which it would 
leacli under proper conditions (see Table 50) 

Table 50 


Epphor op Percentage op Water on the 
Crushing Strength op Concrete 

(From U S Survey Bull , No 344 ) 



Concrete 1 2 4 by Volume , Strength m 

Lbs /S<t In 

Pauuitiigo of 
Watu 

Crushing 

Modulus of Rupture 
(Ben (ling) 


1 Month 

G Months 

1 Month 

G Mouths 

98 

2299 

3814 

391 

435 

90 

3547 

4808 

451 

520 

79 

4612 

4884 

426 

496 


Ciuslung test pieces of building stone are 
usually m the form of cubes of 4 inch sides , 
foi concrete, cubes of from 7 to 10-mch sides 
are employed , while bricks aie generally tested 
on the flat The dimensions of the test pieces 
and, with bucks, direction of crushing are 
always given with the results 


§ (136) Tni«j Elastic Proim^rtijs oi- Si one, 
Brick, and Fonorlte — It has been shmui 
that a lineal relation is often not obtained 
between stress and str un for atone, brick, and 
conciete (J} (64)), and that tor the latter em- 
pyrical moduli uio used for the puiposes of 
design calculation 

Stanton Walker 1 gives the following par- 
ticulars of the manner, m which different 
variables affect the strength and modulus of 
elasticity of concrete 

“ (a) Both the modulus of elasticity and 
strength increase within certain limits as the 
aggregate becomes coaiser, although the 
modulus ot elasticity increases less rapidly 
than the strength 

" (b) An increase m the quantity of cement 
in the batch causes an increase m values of 
modulus of elasticity and strength The 
modulus of elasticity is affected somewhat less 
by change m the cement content than tho 
strength 

“ (c) The quantity of mixing water exerts 
a most marked effect on the modulus o£ 
elasticity and strength An addition of 25 pel 
cent of water to a mixture of normal con- 
sistency decreases the modulus of elasticity 
about 15 to 20 per cent, and the stiengtk 
about 35 to 40 per cent 

"(d) Both the modulus of elasticity and 
stiengih increase with the age of the concrete 
so long as the specimens are kept moist during 
curing The stiength mci eases m piopoition 
to logarithms of the age Tho modulus of 
elasticity follows approximately tho same 
relation 

“(e) Theie rs no marked difference m the 
modulus of elasticity and stiength of concrete 


Table 51 


Strung nr op Stone ane Brick: 



Crushing Strength 
Lbs/bci In 

Tiansvoise Test 
Modulus of Itiipburo 
Lbs /bq In 

Absorption 

Pci cent 

Slono — 



04 10 

Granite 

13,000 25,000 

2710 3910 

Limestone 

2,000 9,100 

1160 4660 

03 64 

Sandstone 

4,900 11,000 

360 1320 

0 7 82 

Bricks — 



Less than 5 

Vitrified brick 

5,000 and over 

Over 900 

Hard burned 

3,500 4,999 

600 900 

5-12 

Common firsts 

2,000 3,499 

400 COO 

12-18 

Common 

1,500 1,999 

300 400 

Ovci 18 

Leicestei v ire cut 

3,600-5,300 



Fiction 

2,600 3,900 



White gault, wire cut 

2,100 3,100 



Aylesford red pressed 

2,200 



London best stocks 

1,600 2,800 



Common stocks 

1,250 1,900 




Representative crushing, bending, and ab- 
sorption results on stone and bnck are given 
m Table 51 


made from bigfi-gracle pebbles, crushed lime- 
stone, crushed granite, or blast furnace slag 
1 Amer Soc Test Mat Proc , 1919, p 584 
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“ ( / ) A companion of specimens stored 1 1 
days m damp sand and 77 days m afi with 
specimens stoied 91 daysm damp sand shows 
that the modulus of elasticity and strength aic 
higher foi the damp sand storage 

“ (q) Tests for mixing times ranging fiom 
J- to 10 minutes show both the modulus of 
clastieity and strength to he greater for the 
longei mixing times ” 

§ (137) Tensiie Strength op Concrete — 
Considerable difficulty is experienced m design- 
ing suitable end attachments foi tensile tests 
on concrete Many oxponraenteis cast spheri- 
cally headed bolts m the centio of the ends 
of the test piece and pull on these heads by 
the testing-machine grips , others enlarge the 
ends so as io form the tost piece into a flat 
dumb-bell shape Particulars of a few dimen- 
sions which have been adopted aic given in 
Table 52 

The tensile strength of concrete is about one 
eighth to one-tontlCof the crashing stiongth | 


beams foi tiansverse tests Withey 1 used 
beams loaded centially on a span 

of 3(> inches The results lie obtained on 
12 4 conciete, mixed by volume, aio given 
m Table 53 

§ (140) Tnorexse ox. Sirength of Con- 
crete wittt Age — The a\eiagc percent 
ago of strength of conciete at chilcTcnt ages, 
assuming full stiongth at one year, is given 
m Table 5f Theio is no icliablo data foi 
stiongth of eoneiote more than two yoais 
old 

§ (141 ) Effect of Vibration, .Tigging, and 
Pressure on the Strength of Concrete — 
Vibration and jigging methods aio useful foi 
getting conciete into place around lemloicung 
bais and in mtucato foi ms, but do no 
good, and in somo cases aio harmful, it 
applied aftoi the concioto is properly placed 
m position 

Abimns 2 finds that the vibration of an 
eloctuo liammei has very little influence on 


Table 52 

Particulars of Tensile and Compression Test Pifois for Conorltu 


Authority 


Henby * 

Mills f 
Ilatt \ 

Woolson § 

St Louis I', Testing Laboratory 


Tensile Test Piece 


21" <V/s2l" puflins 
G" \ 6" s 18" pnsms 
4" \ i" (I bai) 1 7 1 /' gauge length 
Square cross-set tion enlaiged ends 
/ 8" 8 " squm o section (onlaigcd 

{, ends) 5 feet long 


Crashing Tost Piece 


2 7 h " y All" prisms 
O'" on Iks 

8" diamelei x 12" oylmdois 
6"\ G" / 14" pi isms 

j A\" diameter, 5^" d( ep (evlindei 


0 


* Aswr Engr Soc Joum x\v 145 I Cornell ('ml 'Engineer, \\\ 100 

t West Soc Eng Joum ix 234 § Engr News, hii 501 

I) Humphrey and Holmes, “ Struetimil-MatoiialH Testing Lai k>i atones at HI Louis, Mo Built Im No 
329, US Dipt of Geological Sun ey, 1908 


§(138) Shear Strength of Concrete — 
The shoai strength of coneieto lies between 0 4 
and 0 G of the crushing alien gtli Giro shear 
testing tool is of the same foim as that used loi 
metals (§ (12)), but is specially arranged lo 
take a larger test pieee The tost pieces aio 
generally cast 5 oi 6 inches m diamotoi and 
14 to 18 inches m length, and aio tested m 
either single or double shear 

§ (139) Transverse Strength of Concrete 
—No definite size has been standardised foi 


Table 53 




1 2 4 Cone tele — Age 
l Month, A\ oi ago of 



25 to 27 Tests 

Tc nsilo sti engt h — 1 bs / ) 

189 

«q m (H<) 

J 

Compioasivo stiongth- 


1940 

lbs /sq m (S c ) 
Modulus of niptuie- 

/ 

352 

lbs /aq m (S 6 ) 

/ 


S>=0 JBSo-l 8 btit 


the stiongth of puddled conciete when applied 
for pounds not exceeding 30 seconds If a 
greater time of vibiation is employed, there is 
a steady fallmg-ofT in strength Aft cm 45 to 
b() seconds the strength is only 90 per cent 


Tahlk 54 



Age 

Pei tent ai o of Full 

HI length 


7 days 

80 


J month 

(it) 


2 months 

75 


*3 „ 

85 


4 » 

90 


0 „ 

05 


0 » 

98 


12 

100 


of that given by the standard method ot 
puddling 

If pressme is applied to ooncroto after 


1 Hmvcrslty of Wisconsin Bulletin No 197 
fl " ISifcet of Vibiation. Jigging, and Pichbiuc on 
Fresh Connate,” , Structural Materials Itosoarch 
Laboiatory, Chicago, 19X9, Bulletin No. 8 > 
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moulding, water is expelled and a duer concrete 
is produced Tins gives me leased sticngth 

Abrams finds that 
a piGssuie of from 
200 to 500 lbs per 
sq m duimg mould- 



Water Supply 
Filter (D)^ 

Watei Tanh(E) 


(For Test Piece connected at 0 
see Fig 157) 


FIG 150 


mg increases the compressive strength by 20 
to 35 per cent 

§ (H2) Permeability of Concrete and 
Mortar — Permeability depends upon minute 
passage ways m the material which are so con 
nected that water can flow right through 
Tests under high heads of watei have been 
made, and show that even cement paste is not 
absolutely impervious Concrete and mortar 
can, nevertheless, be made which, under 
normal pressures, do not show any dampness 
on the outside 

Two methods of test are employed 

(1) The amount of water passing through 
tire material is collected and weighed 

(2) The weight of water, which has to be 
supplied m order to keep a constant head, is 
measuied (he the water going into the 
test piece) 

The airangoment of a suitable apparatus 
for Method 1 is given m Fig 156, and a 
section of the tost piece, together with the 
can for catching the water, m Fig 157 

The test piece (7} inches diameter) has 
annular spaces at the outer edges of both the 
top and bottom surface painted with a rubber 
walerpioohng paint This leaves an annular 
piece 5 inches diameter m the original con- 
dition Lubber washers A, A are placed over 
the waterproofing, and the specimen is securely 
clamped between the two cast non plates P, P 

The water is applied to the top of the test 
piece through the pipe C, and any water 
passing through is caught m the can B The 
specimen is soaked m water for 48 hours 
immediately befoie the test 

The anangement (Fig 156) permits of six 
tests being carried out at once Each test 
piece with its holder is attached to a union C 
The water passes through a filter I) and 
tank E before reaching the specimen Air 
pressure is supplied to the tank E by a 
compressor, an air reservoir E being inserted 


to equalise the piessure Tlnce gauges G 
aie piovided for reading the piessuie — one on 
the air reservon and two on the watei pipe 
Leadings of the water collected m the can A 
are taken at fioquent intervals at the com- 
mencement of the test, but the late of 
pei eolation of water 
diminishes as the test 
proceeds, and the 
intervals between the 
readings can be 
reduced unlil it bc- 
c omes constant 
In oi dei to measuie 
the water supplied 
(Method 2), the 
airangemont is 
slightly modified by fitting a water reservoir K 
above the test-piece holder (Fig 158) This 
reservoir is only paitly full of water, and the 
pressuie is applied to the top of the water by 




Fig 157 

the compressed air The amount of water 
added at regular intervals, to keep the level 
constant m the gauge glass H, is reeoided 
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With an investigation earned out at the 
NPL on the permeability of leinfoiccd 
concrete under a pressure of 8 7 lbs per 

\ Air Pressure 



square inch, an pressuie w as replaced by an 
actual head of water of 20 feet, which was 
kept constant by adding water to a reservon 
as described foi the last experiment 
§ (143) Testing Road Materials — Tlieio 
are two methods of estimating the comparative 
value of materials for road construction The 
first is to lay sections of a road with the 
materials which are to be compared and observe 
the effect of traffic on them, and the second 
is to subject the road materials to laboratory 
tests designed to imitate actual conditions 
met with on the road The former method, 
with great care, will give results, but tho 
piocess is long and costly Tho use of 
some form of experimental road sections is, 
however, the only thorough method of test 
mg asphalt carpets Observations of tho 
behaviour of macadam roads, constructed 
with rocks whose physical chaiactoristics 
have been determined by laboratoiy tests, 
enables these tests to be used m order to 
judge the probable adaptability of any 
rock for use m road consti notion 
A detei urination of the rolative road- 
buildmg qualities of different types of rook was 
first systematically attempted m France The 
French School of Budges and Roads installed 
a road materials laboratory m 1878, and it 
was there that the Deval 1 Attrition Machine 
was designed, and its excellence has led to 

* (limits et clinus 1870, and Bulletin du 
Mimsttre des Travaux publics , 1881 


Us guieiai adoption as» a standard testing 
machine 

The testing of load inelil was initiated m 
Gei many m 188-1 at the lust Munich Uimfcionco 
fox Establishing Umfonn Conditions of Testing 
They appointed a commit tee to (halt the 
methods of testing that veto necessary, tho 
vvoik peifomud by tins committee was 
leportcd to confluences held m 188(>, 1890, 
ancl 1893, and delimit' pinpoints foi tenting, 
including tho Duval test, weio submitted and 
approved 

In 1S93 Massachusetts Highway ( , ommiHHion n 
founded a labmatoiy foi testing load materials 
m flic Lawience tSuoniilie School of Harvard 
University In I90t) the United Stales Govern- 
ment, because of the growing importance 
of load -mater ml investigations, established a 
laboratoiy m the Bmeau ol Uhenushy oj Hie 
Department of Agiieultiue Thin laboratory, 
tiansfeneil in 1905 to the Office of public 
Roads, examines, without charge', sample's of 
load material submitted by any citizen ol the 
United States 

Tho only si one -tea Ling appliance believed 
to be m existence m Kngland prior to !9tl 
was tho “ Rattler ” attrition machine, de- 
signed and used by F J Lovegiove, 1 Borough 
Engineer and Surveyor of Hornsey 
In 1911 a ioad laboratoiy was inaugurated 
as a division of the Engineering Department 
of the NPL, Todclmgion, m aecoidunce 
with a scheme drawn up by the Road Board 
and approved by the Treasury Tho work of 
tho Road Board has now been taken over by 
the Ministry of Transport ( Roads 1 >epui Uncut.) 

In order to presoivo continuity with tho 
work which lias boon m progress in other 
countries, standard type's of machines, as 
used by tho United States Office of Public 
Roads, woio adopted 

§ (144) Attrition Test The mac hum 
usocl for tins tost is of 
tho foui - cylinder Doval 
typo, which has given satis 
factory results m Franco 



since 1878 It is shown m Fm J 59, and 
consists ossontially of four cylinders, 7J in 
long, mounted on 


m diamotor and M m 


* No 4 I, cm Phmml Tntiny of liiHs far 

Road Building, [JH Department of Agriculture, J 
Lovogroyo, Mcitfcj and IIowo, llO(td-vnot,ivw Stones 
Attrition Tests %n the L%(/ht of PetroloQy, * 
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Kirut' in ••mb a way that then aw s aio 
mod at IB to thi' a\m ul inlaiion 
]lov<m poumh oi tot k, rnunboimg as neatly 
j pit n h .ii posahU', aio placed in one of 
Unfits* tin bolted on, and tho 

•hull' involved 10,000 tmuH at a late of 
lit. BO ie\ olutmus pot niniuto Tlie 
.oiHioiH ill the HtoiK'H wiiould bo such that 
iV nlone will pn »h tbiough a 2J, in 11114 
a\ ill fail In pms thiough a 2-in 11114 
y tho uialeiial worn oIT winch will pass a 
o of A" 111 im *sh is t*c>iiHi<loied m dotemnn- 
tho amounl of weai. This amount is 
icssed m a pi rtonkv«*o of tho 11 11 is used 
addilton the bteneh eoollit lent winch is in 
end use h t denial tnk This is tlelmed by 
u Iti t loll 


neheoelltt leal of wotu 


40 

1*01 ooutago of weal 


we I test h also math', and foi this pm- 
0 3 l halloa of wnlt'r ih placed with the 
Ihs of stone With tlio majority oi stones 
h found that U 1010 14 moio weai nndoi a 
> test than tmdei tho diy teat, but oecaaion- 
r the' icvciso is the t*nse 

bi approximate lehtlion. lias boon established 
■ween tins m whine unci kovogiovNs Hotnsey 
ttioi 

: (145) Kijitatid Blow Impact (Tough 
sS MTst) ( 1 ) atzon of Specimen — 

e specimen is piepaied m tho jmm of a 
aider 1 ul tlmmoiot by 1 in long A 
co of the iotlv is xmiglily chiselled to si/e 
It m mound approximately 
mrinutl cm a huge" cry stolon whool, and 



Pxcl 10O 


en placed m the chuck of a grinding machine, 
.1010 it is ground by a small crystolon wheel 
exactly l in m diametei The chuck and 
one arc then taken to the diamond saw 
\g 100), where tho specimen is cut off 1 m 
length 


m 


( 11 ) The Testing Alai bine — Tho machine 
used foi tins test is known as the i'ago Impact 
Mueluno (Fig 101) The blow is given by 
a 4 l-lb hammer II, and acts through a 



(<0 (b) 

Pig 101 — («) Repeated Impact Machine foi 
Cementation Tests (b) Pago Impact Mac liinc 


plungoi P whoso surface of contact with tho 
specimen is spherical, and has a radius of 0 4 in 
Tho blow, as thus delivered, approximates 
to tho blows of traffic, and the spherical end 
has the furtlici advantage of not requnmg 
gioafc exactness m getting tho two hearing 
surfaces of tho tost piece parallel, the entire 
load being applied, at one point, on the upper 
surface " Tho tost consists of a 0 4 m fall 
of tho hammer foi the first blow, and an 
increased fall of 0 4m for each succeeding 
blow, until failuic of tho specimen occurs 
The number of blowR requued to destroy 
the test piece is used to represent the 
toughness 

A sprocket chain 8 driven from the shafting 
is supported on sprocket wheels attached to 
castings at the top and neai to the base of 
the machine The chain is provided with 
small lags which engage a spring bolt attach- 
ment projecting inwards from tho top of the 
hammer This raises the hammei until it is 
tripped by a rod R projecting downwards fiom 
a crosshead which slides on two rods connecting 
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the upper and lowei castings Tlio cross- 
head is raised automatically through 0 4 an. 
after ovciy blow hv a lead snow dnvon by a 
worm and worm-wheel attached to the same 
shaft as tlio upper sprocket wheel By 
tin owing the lead screw out of gear with the 
ciosshcad tlio latter can bo raised or lowered 
through any desired height or the tost can be 
made with a constant height of fall 

A slightly dill 01 ent method of preparing 
the test sample is sometimes employed, viz 
by the use of a coio dull Tins consists of a 
biass core tube having at its lowci end a 
steel i mt? containing eight small diamonds 
m its < ultmg edge, four oir the outei edge, and 
four on the innei edge The dull arranged 
to cut a lode core 1 in diameter runs at 
200 to 300 revolutions per mmuto Water 
is supplied to tlio inside ol the dull and the 
specimen, thiough a stationary biass ring by 
a nibbci tube connection 

^ (ldG) Abrasion - Test — The specimen is 
prepared in the same mannei as that foi the 
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lopoaiod blow impact test, and m cases whine 
both tests ftio requnod the specimens can 
usually bo both out horn the same sample 
Tho nuclmio used (somctimos called a 
Hardness Machine) is oi tho “Bony” type 
(A V/ H>2), and consists of a cnculai cast 
stool disc D which i evolves in a lionssoutai 
piano about a vertical shaft r P}io specimen ft 
rs hold with its axis voitical and ltd lower end 
pressed with a fmeo oi 11 C lbs per squaio inch 
against tho smtaco of tho disc Standard 
stand, 301 o It) mesh, is fed continuously upon 
the disc thiough tunnels K, and it is important 
that an oven and constant supply of the 
abrading material should be led to each sample 
tested Alter 1000 isolations of the gundmg 
disc, involving at tho rate of about 28 revolu- 
tions pci mmuto, the loss of weight oi the 
spot nnt'ii is found Tho test is repeated with 
flin specimen ro versed, and the average loss of 
weight computed Horn tho two runs is used m 
dotoi mining tho baldness 
Tins is given by K=20~J W, wheie IT 
in tho baldness muuboi or coo/heiont of wear 


and W is the loss in gi amines })ci 1000 involu- 
tions 

§ (147) Cementation Tj* — The cementing 
value of a rock dust measuies the ability of that 
dust to hold the individual pai tides together 
to foim a firm impel vk ms road r in lace 

The piocesses involved ui making a test ol 
the cementation value of a rock aio us iollovvs 

(i ) Gundmg up a lmvtuie of tho lock, 
coarsely crushed, and water into a still paste 
m a hall mill 

(n ) Forming bnquettca fiom this paste m 
a mould under pic&suio, which aio dtied after 
24 hours 

(m ) Subjecting each briquette to repeated 
blows with a small hammer, and measming 
automatically the recoil ol the hammer alter 
each blow 

(i ) Ball Mill {Fu/ 103) —1 1 lb. of coarsely 



Mu 102 


uushocl rock and 0 02 gallon of v'ator are 
placed in the null togollioi with two steel 
shots each 5 1 m m diameter Tlio samples 
aio ground m tins mill lor 2] boms, the mill 
revolving at tho rate of 2000 revolutions per 
hour The resulting paste is then leady to 
be moulded into briquettes 

(u ) Briquette Mat hue ( Buj ](M) —The paste 
is placed m a mould M ami a cylindrical plug 
P screwed upon it, Tho mould is m contact 
with the shoit aim of a weighted beam W, so 
that the piossuio can be regulated to give a 
maximum value of 1880 lbs pei square inch 
The size of the buquotio is 1 in diameter and 
1 in long 

(m) Repeated Impwt Mat hive (Fig J 05) 
After drying for 20 hours in an and 4 hours 
m a hot-air bath at 200° F , tho Imquette is 
allowed to cool for twenty minutes m a 
desiccator, it is then placed on tho anvil of 
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I 1 "' "'"'T •«' «\N llllll.ll A mil, ill 

, VT"“"n. v ,l ' »» «wt 

In t'lln Ini' ill'*]) H iiln 0 I , ,, 

111,, 1,1,, M H ll.lllstlllKcl 111 ill!) HII0C1- 

K "‘V ,s . ln " f 11 plim-ri 1> iK.ilu.w m a 

In II.. urn of i II,,. „|1, ( ,, t>n(l (|f whl(ll 

' 1 I",' 11 " ' 111 with impel oiia 

lei" uii» ilumi, s,, Hni a, iv iclmund of (he 
Pfunoo, all,, i| lt , |,l, IW lM U1( | l( , lt( , (1 |1U [{“ 

piiptn In thin way a 
dugmm is obtained 
u liu»h will i»i vo tho 
number of blown aftei 
m iuttlt, (hoio in no io- | 
bound oi tho plunger, 

1 *' Hite i whuh tho lo- 
Mltmer of tho HpOOl- 

nien ts doHtiovod Hi\ 

upon mens aio made 
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iiom oat Ii simple, and tho avmago insult is 

!s ni (Jio cementing value 

oMlio matoinl 

Iaiilt' oo gives (ho mleipietaliun of tho 
uuills itom Urn phvmuil tests on road 
.tone , 

k (1JH) Pi moiot, u*\r« akd (IroLoartJAL. 

; 11 Vl * u Tl IUsTf < s * Thin Hot turns aro out Xumi 
bn Mime and examined urulor tho microscope 
to asotst im tho nutme, quantity, and dimen 


^hon 1 m il la motei, ait identical with those 
hn impact and aluasion tests, and tan bo 
made with the Mine apparatus 
^ ( 1 W) KNllUltANCL Til. SIS tlisj JVltH)l!,L Hoads 
" tt was lettumisod that m the case of tho 
various test tnal ioadH laid down m tliiB count iy, 
Slu ‘h us tlumo at iSideup, the host method ol 
mad constitution would not show moasuiablo 



Jj’io 105 

wear or dofoimation until alter years of heavy 
tiatTic At tlie suggestion of Pol Ciompton, 
Consulting Engmooi to the Hoad Boaid, a 
model road-testing machine was dcBigned at 
l lie National Physical Lahoiatoiy m oida to 
piovide a moio lapid method oi companng 
tho oilictenty of methods of constiuction 


% < * \ ^««i 

t fimd 

1 uih {find 
Iltllna {mm 
S ' I \ {HUH , 


T\ui is 

Inti uhihhtion' oi? Tin Puvswu, Tisrs on Bo id Stoots 


AUUIlim Hint 
f* I it Hi nf W« U 


my 


Wit 


1 and undm 2 and umlm 
** l ” fi «I-'U 

"(in n ii to 

** *’ I » ‘(I ft 0 

Own fi{) 


~ 

— — 

luipanf '1 ’ihI 

Ain union r l t a 

No of Blown 

(‘oollUli nt of 

lor !>allmu 

Wear 

IM and ovot 

1 M and ovoi 

10-18 

17 181) 

JH 35 

10 10 0 

8 J2 

10 15 9 

Under 8 

Under 10 


Oomflii fcatlou 
Value 

No of Blown 
fui Failuto 

Alwoi ntlon of 
Wtttn 

Ww/Cnbii 1L 

CrtjMldnj, 

Htinij,tli 

Uih /Bii Id 

Over 100 

0 11) mid uiuloi 

Ovoi 20000 

7(> 100 

0 11 0 40 

15000 20000 

110 75 

0 41-1 00 

10000 15000 

10 25 

1 01 S 00 

5000 30000 

Undei 10 

Ovi*r 8 00 

Undm 5000 


m "" t * " l tlKMomiiunpnts which fmm tho sU.no 
iii.tl i|. („ mum tlm f.iriwt i>uU'ologioal ilosiima- 
tion of tlm matemd 

^(UO) Fvtmim Tkhts.— S pecific gravity, 
ubsot jitmn of watm, ei ushmg, sand - blast 
abniHion, and pavmg-briok rattler tests arc 
earned outm tho manner previously described 
hu MtoneH, bucks, and eonoieto m § (135) It 
ih usual, however, when dealing with road 
stones, to make the crushing testp on cylinders 
I uu or 2 m diameter with tho length equal 
to the diameter, Tho crushing test pieces, 


Tins design was approved by the Hoad Boaid, 
and its construction was commenced m 1912, 
tho fust inn taking place m 1913 The 
maeinne (Fig X 6b) consists of a circular track 
30 m wide, having a mean diameter oi 
3 4 foot The endurance of the centre 24 
m of tins track is tested by tho x oiling 
on it of eight stcel-tyied wheels, 3 m 
wide and 39 in diameter The wheels arc 
at an angular distance of 45° from each other, 
and each wheel is lotated by a separate 
electric motor mounted on a steel arm which 




as far as possible, the formation of mis m The fm inn turn of waves im meieased by I ho 
the tested surface each wheel is moved back- load being subjected to heavy tialhe after 
wards and forwards radially by a cam msufheient 01 unequal emisolidiilton* while 
mechanism thiough a distance of 1 m dismtogi ation oieuis inpuliy with change of 
The eight aims are all hinged to a zotatmg climatic conditions d the nmd couhihIh jmilly 
boss on the centie 


post, and at then 
outer ends are con 
nected by spnal 
springs to eight 
corresponding canti- 
levers rigidly fixed 
to a second lotatmg 
boss connected with 
the former and im- 
mediately below it 
The piessuie of eaoh 
wheel on the track 
can be adjusted to 
any desired value up 
to one ton 
In order to m- 
vestigate the ques- 
tion of the formation 
of waves a special 
appaiatus (Fig 167) 
has been constructed 
for drawing cioss- 
sections of the road 
at different pomts 
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round the tiack and longitudinal sections at 
the centie of the tracks of the eight xotatmg 
test wheels Plaster casts are also taken to 
obtain a permanent lecoid of the appoaionoo 
of the road at vanous stages during the lest 
It has been found that a load becomes too 
bad foi use m three ways 


of small or huge Hitman, when these stones aio 
brought to the surface by deformation or 
wear 

A summaiy of the more important tests 
earned out with this apparatus is given m 
the Sixth Annual Report of the Road Board 
( 1010 ) 
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§ (J 51) Bituminous Materials — The 
physical chaiacter of bituminous bmdeis and 
aggregates as detei named by micioseetions, 
pencil ometer and viscosimeter determina- 
tions, quantity and quality of the contained 
bitumen (whetliei natural or artificial), and 
the physical and chemical examination of 
the residue 

§ (152) Limes and Cfments — The cement- 
ing matenals ordinarily used m engineering 
consti action are classified as follows 

( l ) Gypsum plasters 

(n ) Limes — quicklime, hydiated lime, hy 
diauhc lime 

(m ) Cements (hydraulic) 

§(153) Gypsum Plasters — In plaster of 
Baris, Keene’s cement, stucco, etc , the essen- 
tial constituent is gypsum m a moio or less 
dehydrated state 

Gypsum m its native state is c lushed and 
ground, and then calcined at a temperature 
of 200° 0 The product is then finely ground 
and screened 

Plaster of Pans is pioduced when the gypsum 
is not completely dehydrated The theoreti- 
cal composition of gypsum is CaSO (1 + 2HjO 
(a hydious calcium sulphate) Plaster of 
Pans has the approximate composition of 
CoSOjt+O 5II A 0 The specific gravity of 
gypsum is 2 3, of pilaster of Pans 2 57, and of 
completely dehydrated gypsum 2 95 

Keene’s cement is practically puie calcium 
sulphate with a small percentage of calcium 
carbonate (CaGOJ Por the manufacture of 
this cement the gypsum is procured m as pure 
a state as possible, and the rosulimg product 
is of an exceptionally pure white coloui 
The small percentage of CaC0 3 is introduced 
b} dipping the calcined gypsum mto a solu- 
tion of alum and then burning again The 
introduction of this “ impurity ” pi oduces a 
slow setting cement which ultimately becomes 
very hard 

Cement plaster and stucco are calcium 
sulphates with adulterants which retard set- 
ting and me i ease plasticity 

§(154) Limes — Puie lime (quicklime) is 
pioduced by the calcination of nearly pure 
limestone, at a temperature of about 500° C , 
m some form of vertical kiln By this process 
the edition dioxide is driven oil from the 
calcium cai bonate ( CaO + CO a = CaC0 3 ) Such 
limes slake violently on the addition of water, 
form calcium hydroxido (Ca(OII) 2 ), and in- 
crease m volume by about 300 per cent 
They harden slowly by absorbing caibon 
dioxide from the air 

Poor limes have a high percentage of 
magnesia and slake more slowly 

Owing to the fact that quicklime is in- 
sufficiently slaked or mixed m many cases 
when this is done on the job, this process is 
sometimes carried out in especially designed 


and equipped plant, wlioio the opu alums no 
conducted mom efficiently and wrlfi the 
minimum quantity of watei The ic suiting 
pioduct is thoroughly sou cued and ground 
and is known as hydrated lime 
Pure hydiated lime should have a specific, 
gravity of 2 08 It is usually tested, b> 
chemical analysis, lor hue ness and soundness, 
and sometimes fot tensile oi eonipiessive 
strength, m the mannci piosontly to lie 
described for Portland cement 
Hydraulic Lime — John Smeaton cliscovcied 
that hmeslono containing a small percentage 
of clay, when calcined, produces a lime which 
hardens by chemical action apait ftom tho 
absorption of carbon dioxide from the an 
This lime slakes m tho usual way, and, rn 
addition, hardens under water it is there foie 
called hydraulic hmc 

§ (155) Hydraulic Cements, of which the 
best example is Portland cement, aie pioduced 
by the calcination of chalk and clay or suit- 
able limestone and sh ales 
In various parts of the world theie aio 
deposits m which the mixing of these matenals 
has been earned out by nature The result 
of calcination of these natural deposits 
pi oduces a natural hydraulic cement The 
natural rock contains as a rule an excess ot 
caibonato of lime, icndcimg the resulting 
cement poor m quality 
Portland cement is an aitificially pioduced 
cement m which tho chalk and clay aio 
accurately piopoitioned and thoroughly mixed 
together, befoio burning to a hard clinkoi at 
a temperature of about 750 800° C The 
clmker is then gtound, and forms the final 
Portland cement A finely giouncl cement 
makes a stronger mortar than a coaisely 
ground one, hence tho fineness of the cement 
is a property which it is necossaiy to specify 
Portland cement is a British invention It 
was discovered by Joseph Aspdin m 1824, and 
owes its name to its resemblance, when set 
hard, to Poitland stone It sets lapidly, sets 
under water, and hardens slowly with but 
little change m volume until it is nearly as 
strong as stone The hychaulie piopeity is 
due to the presence of silicate of alumina 
The British Engineering Standards Associa 
lion, m their standard specification, define 
Portland cement as follows “ The cement 
shall be manufactured by intimately mixing 
together calcareous and argillaceous matenals, 
burning them at a elinkormg temperature 
and grinding the resultmg clmker ” 

Cementing matenals are subject to large 
variations in tho quality It is necessary 
therefore to closely control the manufacture 
by imposmg tests to ensure that the properties 
which it has been found are of first importance 
should reach a specified standard 
The mam properties required m a cement 
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aie strength, permanence, and time of sotting 
suitable to the woik 

The pmicipal tests which aie m geneial use 
to deteimme the suitability of the cement for 
fulfilling those requirements aie 

(a) Fineness of grinding 

( b ) Specific gravity (This test was deleted 


Both the B E S A and th< A N T M specify 
that the wire cloth oi Hie sic ves shall be woven 
(not twilled), and tliat the doth is to be 
mounted on frames without dial oi Lon The 
sizes adopted aio slightly dilletout in the 
two speeiiications Particulars aie given m 
Table 50 


Tabcii 56 


Emiimss Tlst 



BES 4 Spc ( mention 

A S T M Sjh dilution 

Size of sieve, wires pci inch 

ISO \ 180 

70 70 

200 200 

Diametei of wire, inches 

0 0018 

0 00 It 

0 0021 

Kesidue shall not exceed 

14 pa etui 

1 p< i C( at 

22 pel ( f ul 

Weight of sample, grammes 

100 giammts 


50 grammes 

Time of continuous sifting 

15 minutes on cm Ii sk\c j 

Until not mote than 0 05 giamnu s 
ptisst s (iuou'di m I immito 


from the B E S A specification in August 
1920 ) 

(c) Chemical composition 

(d) Strength 

(e) Time of set 

(/) Soundness or constancy of volume 
In order to obtain uniformity in the testing 
results, it is necessaiy that the conditions oi 
test should he exactly the same m eu.li case, 
and that the peisonal element should be, as 
fai as possible, eliminated 
This has been piovidcd foi m the various 
specifications for Poitland cement, sudi as 
those by the British Engmeetmg Standaida 
Association 3 (B E S A ) oi the American 
Society of Testing Materials 2 (A S T M ), m 
which standard methods for carrying out the 
tests are described m detail 
(r ) Sampling — It is important that (1) the 
sample is representative of the whole consign- 
ment , (2) a suflieientlv lai go sample is sec ui od 
to cany out, m duplicate, all the tests lecjunod , 
(3) the storago of the sample is such that the 
quality of the cement is not affected bofoio 
the tests aie made, and (4) the sample is 
piopeily mixed if it is obtained from various 
parts of the consignment 
Eight pounds of cemont are usually sufficient 
for a sample The B E S A specify that oac h 
sample shall consist of equal portions selected 
from twelve different positrons in the heaps, 
bags, oi barrels Samples aie usually stored 
in an -tight tins 

(n ) Fineness Ted s — The fineness of cement 
for specification purposes is determined by 
means of the weight oi residue (as a peicontago 
of the ongmal weight of the sample) which is 
left on a sieve aftei a definite period of sifting 


Specification for Portland 


1 Bntisfi Standard 

Cement, Pepoit No 12 

Standard Specification* and Tea* for Portland 
Cement , .Specification No C 9 17 


Mechanical shaken aio sometimes employed 
in laboi atones wl loio a largo amount oi woik 
has to bo ear nod out Tlioy aio not mom- 
mended, as voiy Jit tie time ih saved as com- 
pared with efficient hand sill mg, and tho 
results aio not so consistent 

It is usually considoied that tho si/o of the 
voiy fine Horn ol Portland cement i annul he 
obtained by tho use of sieves Em separating 
very fine powdoitf, air separatum are olten 
used These aio I ally desuihed m tho Pio 
ceedmgs of the International Association of 
Testing Mateuals for 1912 

Ahiams, 1 as a result ol a senes of experi- 
ments on the ofloot of fineness of icmont on 
the stiongth of eonetoto, finds (bat * 

(a) In geneial the strength ol imiueto m 
u oases with the fineness ol a given lot ol 
cement, but thoio is no necessiuy i elation 
between tho strength of eon note and the 
finonoss of cement if different cements me 
used 

(b) Fme grinding sliortens the sotting time, 
is more effective in increasing (ho shength of 
lean mixtures than neli ones, and increases 
the strength of concrete more at seven days 
than at times hum one to twelve months, 
te fine grinding expedites Urn hmdomng of 
tho ooneioto 

(r) If tho mixture is “wet,** the rate ol 
lncioaso of strength, duo to gi eater fineness, is 
loweiod 

(ni ) Specific (hamly *— The weight of cement, 
oi its “apparent” density, doci oases with due- 
noss, i a a cement coarsely ground gives a 
heavier weight per cubic foot Ilian the same 
cemont ground finely Tim “ appaiont ” den- 
sity of cement is only a comparison of tluur 
“real” densities or specific gravities when 
tho cements ato of the same degree of fineness 


1 “ Rfleel of IdmmoHH of Cement *" American Soc 
Test Mat Proc t) HU 9, xlx , part it p 228 
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Til** 1 1»* ‘ do 4|, i t% it % uf eenu lit i > h»w< 1 1 <1 h\ 
adult* ntmn h\ «tuii‘>n,m undot binning The 
dilletenn m tin* Njict ilit «m twK me uumll\ 
st> small Hu* it h mxeMsuy t * t meat 

cditMn malm", tin detei miuattun 

The sjH'tln qimtv uf tenant alumhl nut 
helms than .4 In Tim method ut dob limit i 
luni whuh m ie< unintended m I »V me net uf 
a hjici iIm f t m(\ buttle The ‘tuuduid la 4 
riiiiti In i ipp*u atun n e *pei nll\ d* semi d fur 
use with u mrnt It h n \ ulumunometei m 
whu h the hqtiui usul u hcn/ine, petroleum* of 
juntlm «l»t' h turn been heed iium water l»v 
st uulm *' »«\ 1 1 t jtm Mime (watei e utses h\dia 
(tun ol Hit * om n( and theiefuie un ull**t it ion 
uf \ ulumt t 

(tv ) t'hmnttil tUiMinisitnm* The ehenuud 
uiwdv a \ in uol# m> nupuituuf u* Urn phvsteal 
tints un i eutotit It, lemevei, pnen \ahmblem 
thialium in tin* deft et ton uf uduttei tlmn with 
muihuIoi iMe amounts uf mint mutetml, such 
its sU< f uj ytuund him stone ll is uhu used 
tu detenmue whether magnesia ami mdphmie 
luihvhide uu pjeieid m ex* esuve quantities 

(\ ) Nhtu*it*i 7W* A lurnh ground ecment 
w til I akoa ittlam amount uf inert nmten il wit li- 
mit inlm (lull t»f st length, theiefore a eumsehy 
pimmd n i»» nt will give an high a shenglh an 
a iimh iM>iumt une when the tent pteeen me 
made with nisit cement Ah ecment m seldom 
lined neat, a ntrewdh te#1 nu the mat material 
m nu « uleitun uf Us stiemdh when used m 
pt.ulne, it, hnuevei, gi\ e-t mfuimiUiuu ie 
mh!ue* tin time uf setting and the soundness, 
Toils un Intij unites made with cement and 
Hand (iniialU l !1 by weight) ate enlists j neatly 
spuds d, u tv ntle, in mldilmu tu Urns** un 
neat t mm ut 

t Vim id t * never used m tension, >et i ensile 
ti 4* an p* notiillv earned nut in order to give 
an until item uf strength, Tlnn is tluelly un 
aeeuunt uf then simphed \\ rapidity, and < heap 
li* sa Then in, however, a tendeiiey m Hume 
emmtitiM fui euinpiiMsnm teds tu hi* side 
shtuhd fui the hd iun In nmvei sally adopted 
tenule tmtliotU It is tu lie noted that the 
in cut sttuiuph tents by Alnams on fineness 
ul leint tit, n lit Huly inferred tu, were made on 
i*unn*l* t* -tl* pteei*H m nmiprtsimum 

^(latl) V\ \sn.M Sthi»nutu uh C’kmunt ano 
Muitt \\u T*‘Hh pieei'H lined fur tennde tt*nt h 
an* numldisl mtu the form mIhuvh in Fitj, IdH, 
whit h lepie. a*utH the lnujuette HtandartliHed by 
the H KX A f Phe dUTmuiroH between thin 
and the \ S/P M Htnmlard are only hIi^IU. 

The ha m of bihjnette haw a etmwdentlile 
mtlucmee *m the ickhUh. Coker 1 found that 
the pit iu uf tile maximum stress to the mean 
aliens with the BHKA, briquette is 1*75 
iqipiuMmafcly, while the Ametiean and Cton 

1 '‘The idwt rtlmtkm of Htrcss at the Minimum 
StstUmuf a ('emeriti lldnnett e/‘ XnlmutLwtinl Asm/ 
Ti hi 1 hit Prar , PiiO-JltUBj JU, part 11, paper sqevlih, 


tmud d hums ni\o a value ul 1 70 uid 1 05 
leqxitmh 'Phi mtenait y ut hIiussih qieahist 
uluiqi tin* mile s ut the mmiimmi section and 
h ist at tin* < out i o 

Kdhei suijjjh' ui mum; muulds (nee Fig 109 ) 
nie used fui pteparma the test pieees The 
hiMtu peiimlH a munlus ul biujueUos to bo 



inouhhsl at one time and an* pinioned by 
many la bom tones, Hinur the gieatei quantity 
of malonal that can lie mixed tends to piodme 
mom unifonn uwilts 

(i,) A r vu( ('vmvnt 7 'envb TvaIh — r Plxo quantity 
of water uwhI m ujnu^mu; lum a eonsiderable 
mllueuee on the stiemdh ol the hiupiotte, and 
whonld he such that the nnxtuio xh plastic 
when Idled into the moulds The amount of 
watei vanes with different cements, and it is 



Single 

Mould 



usual to make Inal expoumonts to laid the 
exact amount ol water that is necoHsaiy 
This vanes from IB to 25 per cent hy weight 
of the cement* 

The moulds, duung filling, lost on slate oi 
some form of non potous plates They aio 
filled hy using the blade of an ouhnaiy 74*o/ 
gauging trowel, and it is usual to speedy that 
no ramming or tamping m pm nutted 
The tempera two of the loom and of the 
mixing water should bo as noai to 30° 0 as 
it is practicable to maintain it 
Ti ie bxicjuottos aic kept m then moulds, m 
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a damp atmosphere to prevent them fiom 
diymg out, for twenty four hours after 
gaugrng Tor this purpose a moist chamber 
rs a great convenience and improvement over 
the method of covering the test pieces with a 
damp cloth, which is lrablo to dry out un- 
equally A moist chamber consists of a slate, 
concrete or metal lined wooden box covered 
inside with felt, which is kept wot The 
bottom of the box is ananged so as to hold 
water, and glass shelves for holding the 
briquettes rest on cleats fi\od to the sides of 
the box 

After the expiration of twenty-four hours 
the briquettes are removed from then moulds 
and immersed in fresh watei maintained at a 
temperature of 16° C This watei is ionowed 
eveiy seven days, and the briquettes aio left 
m water until icquired for testing 

The strength of cement increases consider- 
ably with time from setting, consequently tbo 
age at winch the tost pieces arc bo be broken 
is specified The BESA specify that six 
briquettes are to ho broken at seven days and 
six at twenty-eight days after setting, and 
that the breaking strength shall not bo loss 
than 450 lbs pci square inch at seven 
days, or x +40,000/1; lbs pei square inch 
at twenty eight flays, where a; =- the aotual 
strength m pounds per square inch at seven 
days 

The rate of loading has a marked elloot on 
the strength of the briquettes The latter 
mereases with the rapidity of loading, which 
has therefoie to he standardised The B E B A 
specify a rate of 500 lbs per minute, while 
the A f? T M adopt 600 lbs per imnuto A 
variation from thebe rates of 100 lbs per 
minute introduces an on or of about 2 per cent 
The form of jaws used fox guppmg the test 
piece is shovm on the testing machine m 
Fig 170 The load must bo applied without 
shock, and caie should be observed to see that 
projecting edges aie removed from the speci- 
mens to ensure that the buquettes are properly 
centied m the clips A deviation of 0 062 
inches from coriect alignment will decrease 
the tensile strength from 15 per cent to 
20 per cent 

Tension tests of cement briquettes are gen- 
erally made in small lever testing machines of 
various types, m which provision is made Cor 
applying the load at a steady and definite rate 
Messrs Adie, London, supply a machine in 
which the load is applied by a regulated 
tiavellmg poise The poise is pulled along 
the beam by means of a suspended weight. 
The speed at which the weight descends, and, 
therefoie, that the poise tiavels along the 
is icgulated by the cook m the plunger 
" 4 rT11 >o plunger is attached, 
ispondod weight 
1 - rlloys 


Tn the Bailey and Ih id patent cement Ic'doi 
a cylindrical cistern is hung at the end ol the 
single lever of the testing mac lime A small 
stream of water is allowed to How into this 
cistern, enabling the load to be applied m a 
gradual and almost impoicepliblo manner 
The height of the water m tlm eistem ih 
indicated by means of a glass tube similar to 
the gauge glass of a steam boiler, and the 
graduations, shown on the outside, judical e 
the load m pounds A small tugger auto- 
matically doses the watei -taj) when the 
material is biokou 

A fin then method of applying the load is 
indicated m the nmduno shown in Fig 170 
Tins is a compound levin machine with the 
load applied by lead shot The briquette m 
held between the jaws A, the lower jaw being 
attached to a straining sinew H, by moans 
of which tho lover L is raised into positron 
between tho stops Tho load jm applied by 
i unning load shot from tho eon- , 
tamer G through a channel 11 
into tho bucket U, wlut h is hung 
on to tho end 
of tho lover 

Tho rate of 
loading is icgu- 
lated by moans 
of the adjust- 
able lever N, and 
tho breaking of 
tho tost piece 
automaii o ally 
shuts oil tho 
supply of shot by 
operating tins , , 
lovei With this ' " 

particular ma- 

dune tho leverage is f>0 * 1, so that fifty times 
tho weight of tho shot gives the bum king 
load Tlio levers oro floated before testing by 
adjusting tbo balance weight W. 

(u ) Mw lav (Clement and Fund) VV/i nib 7Vsh 
— Thoroughly washed and dried sand (obtained 
from Leighton B umid in (beat Bui am), 
which will pass a 20/20 mesh sieve but, 
not a 30 x 30 mesh sieve, is used for tests m 
which sand is required The wires for tin* 
sieves are 0 0164 moh and 0 0108 meh m 
diameter respectively 

Tho cement and smut are mixed in the 
proportion of 1 3 by weight for the standard 
best pieces, about 1^ lb. of cement and 
3f lbs of sand will make 12 briquettes. Tim 
gauging must bo made without any excess 
of water being piosent, Tho quantity of w liter 
is approximately It) per cent of the united 
weights of the sand and cement, the exact 
quantity required should be determined by n 
trial mixing 

Tho gauging is earned out on some form of 
non-absorbing surface, pi of ot ably glass, with 
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tl luom t( iti i h*i it ui •* .mil walu f« injitn iluic* I 

° f Th<* m< lliod o! lilluw t. iWnhed U\ the | 

10 S A q»e< dm di*»u i« bdhnv » 

* «« rphe mt\tim etumd h above hh ill In* j 
evenly distrdmted ui mould* " f the f, “ m i«* 
ouned, each mould tedum upon i mm pnimn 
nhii' Affei idlin'* a mmdd n small leap »i 
[he ini\inH shall he pin id «!»*•» Hut m the 
mnuld and jutted down with the Mmitud | 
Htuiuhi until the nuvtme t< h “1 with the tup ; 
of J ho mould Thu hut upi'iitnm hUiII he } 
lepeated a set end time ami tin imvtuie p it 1 1 tl 
down until Mid ei appeal i «m the smfme, the ! 
flat only of the stain htn l spnfuh u te he nit d* J 
and no elhei itHhumenf oi itppu.itui \\ te 
be employed fei tins optimum 'On* mould 1 
aftoL* being idled mnv he sh then to the < vital , 
neeessai y fm expelling the uit No ramming ! 
or hammeimg m iu\ hum will he penmttml 
dining the piepai item of tin biupmtfeq which 
shall then he hnnhed »dl m the immhh by 
smoothing the imfuie with the blade of a 
ijoweP’ r rhe Mlamhud ajittuU n ithown m 
Fuf 171 

y annua tyjnu of moulding and mixing 
machines have been devised and ate m use 



in. aome count lies, They are* however* not i 
allowed b\the H KS A specification, Mm 1mm . 
cially truudded huqnt ties give gt enter strength | 
than hand moulded ones. 

Mottir hutpieitex an* ntoied m momt an < 
fm twenty fmu home and thin m water (at i 
lt> 1 < 1 ) until imputed hu leal tup* They should ! 
he hi uken as soon an pus able often being taken j 
out of the watei, and should inner he allowed 
to diy The IM'kiS.A. apeetfv that mx bib j 
(juetteH aie broken after periods of seveu and 
twentv eight days i aspect i\ el) , at a uniform 
rate of loading of 5(H) lbs pel minute flKK) 11m, 
pei mmutem the U»KA*h Tin 4 «t length should 
nut bo hhs than J(H) llm per Htptttic meh at 
woven days uflei gauging* or a f 10,000/ r l ha, 
pei Hipuue meh twenty eight davs after gaug- 
ing* whete ►* the aelual at length at woven 
day 4 m pounds per Htjtmro hndn 

^ (157) CllAHAC’TUmHTUi MgUATIUNH KtUt 
Ti’Nsnm Tnsm * Unwin 1 has found that the 
mte of hardening of cement and cement 
and Hand briquet ten follows, very approxi- 
mately, a Him j do law, 

H y the atumgth of the briquette in pounds 

1 Ttbl iny of t l tutorial* of CwutlrkUuni, 4 U10 ml 

D, 450 


jim tjiMienuh d i \\ieki dlii pau«iui>, mil 
if, ft, and a no empuu.d loimtmh, Unwin 
iotmd th it y it i !n n 

n is nuixhuit fm one cement, and il a he 
tnki n a i the initial stn ngth altei one wet k 
i/ <t\h{t 1 )» 

Fm (muon hnipieltes the gam ol .sf length is 
ueulv piojioitmnal to the euhe mot ol the 
t tme of baldening 

Thus fm Poithmd eerneut m tension n * 
and // u I ft s ! b 1 , 

when h the lmtrnl Mtienglh (at 7 days), 

ft a eoustant v smug with the rate of 
meiease with tune 

Theuo two eonstantH give a clear mdiealum 
of the eluuaelei of the eemetd 

In the U M 8 A, hjku dteatum Jot neat* eement 
huqueties, wheie the low eat value whieh ih 
aei opted ft»i n m 150 IIim/hij in, and 
the mmimum value for ?/ ih theietme 
150 110,000/150 550, 

i/ ft I b \ i l , 

and d r 1, 

5110 I fiOi ft ^ I I, 
llterefoie b 111 H, 
or // *150 t 01 8^' i 1 

^ ( J r»H) Suttinu Timk f rhere jh a diHlme- 
inm between setting and Juudenmg 'PJm 
initial Hetlmg ih the commencement ol the 
eheimeal notion wine li cut ms when the water 
eninbmea with the lenient, hardening ih a 
much slower jnoetm Ah a disturbance of 
the netting pmcoHH may jundtice a Iohh of 
h( length, it ih desirable that the initial Hetlmg 
jh not mlei rupied, and that the whole opera 
turn of mivmg and moulding Hlmuld be cmn- 
pleted betme the emnent begum to net 
The initial Hetlmg time ih Urn time wlneh 
elapses from the moment wider jh added until 
j he paste ceanen to be thud and plastic For 
tin 4 HHH.A Hpoeditudion the time jh taken 
from the moment that the special mould jh 
I dled with the gauged cement, and not horn 
the lime that watei is added to the cement 
The final set is acquired when the material 
attains a certain degieo of liardneHH 
The U.M.HA. Hpccjficatjon ol March 1015 
! recognised tluee dwtiuet gmdatmnH of tunc 
of setting, via . 


1 

Umtie, 

Initial Hrlilng 

Final Hot! Irni Time 

Time In Minutes. 

In Minutes, 

Quick 

Not ieBfl than li 

io to no 

Medium , 

Not Iohh than it) 

no to iso 

Hlow 

Not less than 50 

180 to 420 


In the rovisod specjlication (August 1020), 
the medium and slow setting comontH are 
j ©placed by a guide havmg a nmumum initial 
sotting Umo of 20 nunuloa and a maximum 
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final setting time of 10 hours The quit k 
setting giade is retimed, but the minimum 
final setting time is not now specified— the 
maximum final setting time is not to be 
greater than 30 minutes 

& The test block for setting time is made in 
a special mould (80 mm diametoi and 40 mm 
high) and filled with neat cement, mixed and 
gauged in the manner descnbed for tensile tests 
The time of initial setting is detei mined 
empmcally "by the time taken, aftoi filling 
the mould, for a weighted needle to cease to 
pieiee the test block completely The B E S A 
specification has decided on a special apparatus 
for carrying out this test called the “ Vicat n 
needle ' The needle is one millimetre squaio 
in section with a flat end, and the total weight 
of needle and attachments is 300 giammes 
The apparatus is fitted with a device foi 
measuring the depth of penetration of tho 
needle 

The final setting time is detei mined em- 
pirically by the same apparatus, but using a 
slightly different form of needle A needle of 
the same section as before piojocts 0 5 mm 
beyond a hoHowed-out cnculai cutting edge 
(5 mm in diameter) The final sotting time 
is taken as that when the needle makes an 
impression but the cncular attachment fails 
to do so 

The setting times aie affected by tho tom 
peratuie of the mixing water, tho peicentago 
of water used, and the temperature and 
humidity of the air It is prof oi able foi tho 
tests to be conducted m moist an 

§ (159) Soundness oa Constancy of 
Volume — A cement which remains perfectly 
sound is said to he of constant volume 
Failure is shown by ci a eking, swelling, blow- 
ing, or disintegration To ascertain tho 
soundness of Portland cement a lough test 
is to make a pat of cement | mob thick, 
gauged with 25 per cent by weight of clean 
water on non poious material, preferably 
glass This is placed in water at 15" 0, 
after twenty-four hours m moist air, and left 
there for inspection at intervals, it should 
show no signs of failmo 
This test is sometimes aceoloialocl by ex- 
posing a pat of the cement foi five limns, m 
an atmospheie of steam, to a tompoiatuie of 
98° C to 100° 0 

The test specified by tho B M H A is the 
Le Chateher test This is made m tho ap- 
paratus shown m Fit/ 172, which consists of 
a small split oylmdoi of hi ass (0 5 mm thick) 
forming a mould 30 mm internal diameter 
and 30 mm high On eithei side of tho split 
two indicators with pointed ends aio attached 
The distance from tho ends of the unbeaten s 
to the centre of the cylinder is 1 05 mm 
The Le Chateher test has been accepted 
unreservedly in England, and the International 


Association of Testing MateiiiL 1 dec ided 1u 
i oi ommond t ho method as the aland ml at i < h i - 
ated test toi constant y ol volume of et me u< i* 
Tho method is to bo (Mined out in folimva 
“Tho foment ih gauged and Idled min the 
mould on a plate* ol glass, the* edge* n{ tho 
mould being he Id togethei \\ hen tin mould 
has beam Idled it is coves cel with a plate id 
glass hold down by a small veedit, and the 
whole is immerses! m \\*dei d lo“ < h«j 
twenty four hums Any tie oi fund which 
has boon used to keep the edges of t 1 m* mould 
togethei dining Hotting time i* then lemovid 
The* distance hot a con the indicator mtdlt * u 
then mcuHuiesl and tho mould is plated m 
cold watoi, wiueh ih tamest to a tempeinlme 
of 100° (' m tho onuiso of ludl sn hour snd 
is kept boiling ten mix hums The mould is 
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I umiovod fiom the nates, and aft 1 1 it has nailed 
tho dmtaneo between the* mdtcuftu* m edits* jh 
again mommiod r riie ddleieme between tin* 

tWO niOOHUl (MUCH tH lOpiOHOIitH the * VpallMotl Cif 

4 ho c*otu(*nL r riim mirnt not c*vml ten mdh- 
motion when the* commit' has been notated fin 
in only-fom homn, and live* mdhmeftcH when 
tho oomout has boon notated for kov* u dav** m 
§(100) Mmjcr of Htouvuh ur ri mi si un 
T irii] Sthknutii ok ('oM’Kt/n-,* Aidants * tuiili 
that the* otlc*ot of Hfuiage of tcinmit on the 
Hlrongth of eomse'to nt mui tar ih ltugc*h u 
qucHticm of the age* at who h cniiintc **j» 
mmtar m tested The* nturago petit id and 
tho ago of the connote or imitlat at tiM arc 
of gi eater uu poll mice than the* ova* t nmditnm 
of storage, ho long aH the e(*mmit m pinto* ted 
fiom direct' cutducl with momtiuc, 

Tho dotcuioraliuu of cement, m atoiago up 
pesu'H to he dno to absorption uf nlupMphette 
moiHtuns (‘aiming a partial hydmlmm which 
oxhihit-H JtHolf in jedutsng the* omh strength of 
tho ooneiole and prolonging the* turn* of wetting* 
(inmpiOHwmi teHtH uf oonerHe and imular 
slimy a dotmioiatum m wtrength with attaugo 
of camioni for all nampIoH, foi all tsmdittona 
and ponodH of wlorago, and at all tor* rtgea, 

u. c«. n 


mount, " On Veeelmdisl Teals of flu* ( en«t no v 

iL Vol J!uL ( ! ?/, Intn 7V*/ 1 itti 

I m\ UMM), nth CnngicHH, paper x til 

, ' hth'tt of HI outgo of (\meiif, M tkllnutcs of 
aIHs 8 hIom hi g of the I ha l In ml Cement \wmtstii «, 
Apia 102(1, and Htinelmal Malaria h Hem an h 
Laboratory, Chicago, /luiltiin Ho, n, June im\. 
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Emsticj Constants op Metals 
Measuring Insti aments foi detei mining 
See “ Elastic Constants, Oetonnination 
of,” § (4) 

Methods of Determination See ibid & (fi) 
Elastic Limit 

Definition and Method of Determination 
See “ Elastic Constants, Determmation 
of,” § (62) 

Determination of Elastic Limit by Cliango 
of Tempeiatuie Sco ibid (62) (i ) 
Elastic Limit and Yield Point Method 
of determination at high temper atm os See 
“ Elastic Constants, Deter mmatron of,” 
§ (116) 

Elasticity, Isothermal and Adiabatic 
See “ Thermodynamics, ” § (.55) 

ELASTICITY, THEORY OE 

§ (1) Introductory — - Tho theoiy of elas- 
ticity is concerned with tho small lolativo 
displacements of different points m a body 
which occur under the action of applied foicoa 
the foices may or may not constitute an 
equilibrating system, but m the great majority 
of examples which have been treated hitherto 
they are both m eqmhbnum and steady, so 
that ultimately the problom is one of the 
statics oi each component paiticlo Logically 
considered, the science follows that ot ngid 
dynamics in the piooess of development by 
which the scope of mathematical analysis 
has been extended to embiace more and more 
of the properties of real bodies Thus, tho 
theory of the 6C dynamics of a paiticlo ” treats 
of motion m its simplest foun, and can 
be applied to pioblems in which it is suffi- 
ciently accuiato to assume that the displace- 
ment of eveiy particle is tho same Rigid 
dynamics takes account of the additional com- 
plexity introduced by rotation, whcioby the 
motion of a constituent paiticlo depends upon 
its position m the body, but it lotams the 
assumption that the distance between any 
two pai tides is unchanging, and is thus 
equally powerless to deal with such problems 
relating to the behaviom of leal bodies (m 
-winch absolute rigidity is never experienced) as 
the determmation of the j)rossures with which 
a heavy beam will bear upon thiee or more 
supports It is left for tho theory of elasticity 
to bung problems of this nature foi tho hist 
time, within the range of exact calculation 
§ (2) Elasticity defined — Practically all 
materials which are employed in construction 
exhibit m some degree the property of elas- 
ticity , that is to say, they deform under tho 
action of applied foices, but when tho forces 
are removed they recover their original shape 
In the theoiy of elasticity, as at present de- 
veloped, this property is regaided as absolute, 
and the applicability of its results to practice 


ih limited m the main by the extent to whnh 
actual mateiialn may bo (onsuhml to satisfy 
its fundamental assumption - tint then be- 
haviour undei applied lottos is independent 
of then previous history 3i is doubtful 
whether perfect elasticity, as thus clolinecl, 
is exhibited by any actual material 1 Thus, 
tho behavioui ot wood undei applied foices 
is dependent to a consider able extent upon 
its dryness and temperature, mid of rubber 
upon tho foices to which it has latently been 
subjected most metals and other cr ystalhno 
matenals possess practically perfect elasticity 
undei small foices, but then behavioui depends 
m pait upon, then previous histoiy when tho 
foices exceed certain limits 

§ (3) Stress and Strain — In the develop- 
ment of tho precise mathcmathical theory, it 
is found convenient to mtjoduco two new 
physical concepts, foi which we employ the 
toims “ stiess ” and “ stiam ** To under- 
stand these toims, wo may consider the motion 
or equilibnum of that portion ol an elastic 
solid which is contained within the volume of 
the small paiallelo 
piped indicated m z,\ 

Fig 1 The con- 
tained material 
will m all pi actical 
instances be sub- 
jected to body 

forces such as — >x 

gravity, and to Tig 1 

balance these (and 

also to overcome its meitia, if tho material is m 
acceleiated motion), foices must be excited 
across the containing laces by tho sunounchng 
material We need not concern oui solves 
lioio with the difficult physical problem of 
explaining the mechanism by which these 
forces aro exerted it is sufficient for oui 
purpose to lomaik that the action, whatever 
it is, must be of a reciprocal natui? , that is 
to say, the force which is exerted upon the 
contained material, across tho face ABDC, by 
the sui rounding matenal must bo equal and 
opposite to tho force which is excited by the 
contained material, acioss the same face, upon 
tho sunoundmg matenal Similar considera- 
tions will apply m legal d to tho other faces 

Confining our attention to tho forces which 
are exerted upon the contained material, lot 
us denote by P the resultant foico exerted 
by the total action acioss the face ABDO 
Whether the elastic solid as a whole be in. 
eqmhbnum or m motion, the magmtudo of P 
will depend upon the area of this faco , but 
the quantity defined by 

P ~~ [^Aioa of ABDc] ^ 

1 See “ Elastic Constants, Determination of/* 
§§ (14)-(25) “ Structures, Stiength of ” 
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will tend to a definite (and in general 
finite) limit as the area is indefinitely re- 
duced, and to this limit we give the teim 
44 stiess ” 

The dimensions of a stress can evidently 
be represented by and it is 

clear fiom the expie&sion (1) that it shaies 
many of the piopeities of a force It lias 
magnitude and direction, and the stresses 
acting on a given surface can be resolved and 
compounded by the vector law fuithez, 
fiom what has been said above, it is leally a 
quantitative expiession for the intensity, not 
so much of the action on any definite poition 
of the material, as of the mutual action be- 
tween the two portions of material which aio 
separated by a specified suiface 
Just as the idea of u stress ” is an extension, 
for the special purposes of our subject, of tlio 
familiar concepts of mechanics, so “ strain ” 
i 5 * a development of the purely kinematic 
concept of xelative displacement Reverting 
to Fig 1, we assert that the material under 
consideration will he unstrained, whatever its 
motion as a w hole may be, so long as the volume 
occupied by any definite part of it lcmains 
unchanged both m size and shape , the motion 
of unstrained bodies is thus the province of 
ngid dynamics On the other hand, if we 
consider the material which m one configuia- 
tion is contained within the paiallelopipcd 
ABDCFFEG, and if m a second configura- 
tion the same material is contained within a 
volume of different size or shape, then wo 
may say that the second configuration can bo 
obtained from the first by a process involving 
strain " ° 

Confining our attention to the edges of the 
original parallelopiped, we notice that strain 
may involve a change in one or more of the 
lines AB, BE, , etc , or m one or moie of 
the angles CAE, CAB, , etc , or iu both 
stretching of the material m the direction of 
the axis Ox will be accompanied by a change 

J? the len S th of AB Let A' and B' denote 
the new positions of the points A and B 

7 fractional alteration m the length of 
AB will be given by 

rA'B'-AB 

L 


n. 


AB J’ 


(2) 


and while both the numerator and the denom- 
a or o this expression tend to zero in tho 
mit, as the length AB is indefinitely leduoed 

beTmwr 111 t6 f, t0 a hmit *ch must 

be fimte (if w e exclude the possibility of dis- 
continuous displacements, which would m- 
volve rupture of the material), but will not 

the S T fi ra t be Zero To tlus hm it we attach 
the definite term “stretch” it w elcailv 1 
non-dimensional and scalar quantity ’ Y 

this quantity 1 “ extens,on " & also used to denote 


In much tho Haim* wav, wo may ummmiio 
the change m the angle ( 1 V E by the expn union 

j - ( A E ( *' VB' (fi) 

Bor stuct confoinuty with (2), \v<» ought, oi 
couise, to divide the (ju<udil\ on tin* light 
by tho ongmal magnitude oi (lie angle But 
owing, probably, to th< hut Unit as dohiu d 
in (4), is alieady a non dimensional sealai 
quantity, it hrn beiome < ustounuy In dispense 
with this opeiation, and to define*), as tin mint 
of the explosion (J) when (he nnguad tnn/h 
CAE n speujml to he a nght angle We thus 
obtain the ooneopt oi a seeond i> pe oi sttain, 
to which jh usually given the teim " shew 
stiam,” oi “ slide* ” 

^ (1) INTIOH - RMATION OK iS I'lUSS AND 

Strain IIookp’s Law IMunoum i m< Suuuh 
position — Making use ol \he teinm whuh 
wo have thus defined, we may say tlmi ibn 
tiieoi y oi elasticity is concerned' \ulh ifi n 
cletcimmaticm ol tho si i esses and Minims 
which occur m a body imdci (la* mlmn (l f 
applied Xoieos, and tho fundamental assumi)- 
tion oxplained m ^ (2) may be* cuneHpmidmgl y 
expressod by saying that a perleetly dolimln 
stiess will accompany any given slium, and 
vice vena Wo musL now infer to mioilun 
assumption, totally ddWent both in nature 
and mi]j oi lance, although m ( he* development 
of tho thorny it has become almost U s fimdn 
mental as tho assumption ol peifecl oluHhoih 
Jins assorts that (he i elation between hU ess and 
strain in one of dneil piopoitmnnhtg That 
tho assumption is ropioseut alive of actual 
materials was lust discovered, m R>7 h, by 
Ifooko, and the relation is for thm mu-urn 
commonly known as u Hooke's Law " 

To give pre c iHiou to “ itootc’H Law," the eoiiNintif 
of pi oportionahly usjuhcH in ho Hinted, and we must 
thciofoio oouHifler what am the posable m 

strcHH and of Hlinm, Wo him* seen m ^ (,*}) t) m ( 
total stroHH anions any mmgamiy Minima a, « h (U \ v 
urn ho ) c'Holved mb, componenlH by (la* viator law 

Ini' n Um ! V " 1,1 wimitl and inn 

goitial io l he hujJhco, Tlie ilml component may be 
teamed a normal HtieHM,” Hint o il <ohnIU U (ch an 
action between the two podmnH of malcnal wlucfi 
he on oppoHito huIom of UioHurfaets (ending In prove nt 

“ <’ "»-V, 0n 1,1 a noniml Id ihu 

mirfaoo if tlio action UukIh In prevent Dim *, 
h<m it id (crawl it •* tensile Hlri-ss," mid if , t L.dn 
to ™.«t tliiur ap pm ,H„ a “ , r “ 

l hn »“oueo of Uichc terms is obvious, *!„ 
they desonbo tlio stresses winch occur ,, r(Wi 
jcotionc of u straight rod under tho iwthm of cml 
tension nml compression respectively, , 

ueSLn 0 n np ° n ''I l1 " lroflB of winch the (Ihcclifiu m 
paralld to the siirfoce it ,ih uHiiat to empluy tho li rum 
tangential or “shear at, ess," 'I'licsc tciml d, 

pastes- 

th*, that shear stress is brought luto^K 
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solid fiiction, it ihe mu foots of two bodies 
vt-lnth ui in contact and sliding lelativclv to one 
cuiothci 

Before pi oc ceding furthci, it will be convenient 
to introduce a notition foi the component stresses 
which wo hive just discussed Let us considei the 
action at the Lice ODHL of the elc mcntaiy paiallclo- 
piped of Fig 1, and let the foico excited on the 
paiallelopiped by the maternal which lies on tlu 
z side of tins face be lcsolvcd into components P ft , 
P w and IL, parallel to the axes Oi, ()//, 0 z io 
spectively Coiicsponding to the components Pj, 
and P w we have tangential stresses, which wo m ly 
denote by Z x and Z v lespectivcly , and e oi ic spondmg 
to Pa we have i noimal stress, which wo denote' 
similaily by Z s It will be noticed that in this 
notation the capital letter defines the face on which 
the stress m question acts, whilst the su Jfi i devotes 
the dueeiion of the /nice noted 

Passing thiougli oveiy point m the material we 
lnvc tlnee mutually pcipenchoulai faces of the 
land just considered, and oil each there aio tlnee 
independent components of sticss which lequiio 
symbols Nine stress components are thus mtio 
cl need, namely, tlnee normal stresses, X x , Y y , Z z , 
and six tingential stieases, X v , X z , Y Zi Y X) Z K , Z y 
But the last si\ components can be reduced m effect 
to three, since w r e may show that 

Y.-Z* Jk-X. (i) 

These lelations may bo proved by considei mg 
tlio eqmlibiium of an elementary parallelepiped, such 
as is shown in Fig 2, which lequiiea, inter alia , 
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that there Bhall bo no tendency to rotate A little 
inflection shows that body forces such as arc e\oited 
by gravity, if of finite intensity, have a negligible 
turning effect, and that the only components of 
stress which have a tendency to turn the parallele- 
piped about the a\is YY (if the dimensions of the 
faces are so small that the resultant foico coire 
spondmg to any stress can be assumed to act at the 
eon tie of the face aflceted) are tlio components X z , 
c>n flic two faces which are normal to the x axis, 
and the components Z x , on the two faces which arc 
normal to the z axis The total forces contributed are, 
for the former stresses, of magnitude (X s AO AD) 
(we have to multiply the sti esses by the areas of 
tlie faces upon which they act), and foi the latter, 
of magnitude (Z x AB AC), as shown Now the first 
two forces act in opposite directions along lines 
winch are a distance AB apait, and the second in 
opposite directions along lines which are a distance 


AD ajiail thus llu fimi pan piodmoi a imipb oi 
magnitude (A* AB AC AD), and (lie mu mid a 
couple oi magnitude (Z\ AB AC AD) and (an ih 
evident horn tho diagram) oi opposite sign The 
condition of cqnihbnum then fou icqmns that 

52 a AB AC AD~X a AB AC AD, 

whence the thud of the u litmus (I) follows dually 
and tlu olhoi two mUiions In mmilai manning 

It can be shown that tlu sti cm uimpoiu’tits 
defined as above, and icduml n numbu, by the 
joint ions (4), to hi\, aio Hufiumii foi n pi cm id mg 
the most geneial system ot sLosh which can obtain 
at any point m a body By means ol ceitniu 
“ foimulac ol tumsloimation,” thesiiess compomnts 
on any othei plane tlnough the point can be will ion 
clown, and it may be shown that m any possible 
system of stnss Ditto will be tluee planes tlnough 
any point, mutually peipondieulai, on wlueh the 
sti esses aio pmcly noimal Donee, in pioooedmg to 
deuve the exact sinssstiain join lions i equat'd to 
give piccision to IIoolvC* 1 s Law, we may coniine om 
attention to a system of tluee mutually p< lfx ndioubu 
normal sti esses 

Notation is siimluly lequncd for tlio dilleteni 
components of iluim hi (4) wo consiilnal two 
distinct types, to wlneli wo gave the names “ sin (< h ” 
and “slide” Wc now mtiochue the notation 
for tlio stretch m tlu dneclion of the axis Oa — the 
double suffix indicating that the sham m question is 
a relative displacement of two plants, oath ot wlueh 
is poi pond iculai to the axis of i , and in conformity 
with this notation wo employ the symbol e ux foi the 
angle y defined in (1) — the double' sufiix heio 
inchoating that the strain m question is a lelutivo 
displacement of planes which aio pel pc ncheulai to 
tlio axes y and z icspcctnely It is obvious that 

e Xy ~Cy^ t Cyz "~e zyi Oj,,! C 1 S) (fi) 

so that coiiespondmg to mu six distinct components 
of Rhcss wo have six distinct components ol sham 
and these may bo shown to be sufiieic ut toi dc lining 
tlio most geneial typo of stuun winch can obtain 
at any point By moans oi “ fmmultie ol tians- 
foimation ” similai to those which we have' noticed 
as holding foi shesses, wc can expiess in teims ol 
e Ta3 , > > etc , the slinin components 

conesponchng to any othei system of axes, and we 
may prove that m any possible system of stress 
theio will oxist three cln ec turns tlnough any point 
which are mutually pei pcnclicular, both below mid 
after strain tho stiams m the so dnootions am 
termed “principal stiams ” at the point consult'! od, 
and tho dnections themselves are teimcd “ puncupal 
dncetions of sti am ” 

Considerations of symmetiy show that tho 
principal dnections of sti am will always 
coincide, m materials which are isolropK , — i e 
which exhibit similar properties in all direc- 
tions, — with tho dnections of tho tluee pmtdy 
noimal sti esses to which wo havo lof cured 
above, wo shall therefore define our sticss 
strain relations completely if wo can wuto 
down relations between tho tlu co “ ‘principal 
sti esses / 5 as they are geneially called, and tho 
corresponding “ principal strains ” Wo begin 
by considering the strain system which is 
involved by a simple tensile stress, of amount 
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T x Tins stress will evidently be one of the 
three principal stresses at the point considered, 
and the other two -will be zero , it might bo 
expected, therefore, that Wo of the three 
corresponding principal strains will vanish 
Experiment shows, however, that the facts 
are different the tension T x is accompanied 
by a proportionate stretch m its own dnec 
tion, togethei with proportionate contractions 
(i e stretches of negative sign) m directions 
perpendicular to this That is to say, if wo 
choose our axis of x to coincide with the 
direction of T 1} then corresponding to the 
stress system 


Tj 

3 = -ere xz = 


(0) 


we have the strain system 
Ti 

Cxx — •jg J e VV ~ ~ 0 J 7 J » 

where E and cr , by Hooke’s Law, are constants 
of the material 

The quantity E is know as Young's Modulus 
It evidently has the dimensions of a stress, 
and may m fact be defined as the stress which, 
acting alone, would mvolve a stretch of 
magnitude 1 — i e a doubling of the distance 
between any two points in the matenal — 
measured m its own direction 1 On the other 
hand, the quantity denoted by cr is non- 
dimensional, being the ratio of the lateial con- 
traction ( - e uv ) to the longitudinal extension 
(e xx ) it is known as Poisson's Patio , and 
the fact that it has finite values in actual 
materials introduces very considerable com- 
plexity into the calculations of elastic theory 
Similar expressions will give the strain- 
systems which correspond to tensile stresses 
acting m the directions of Oy or 0 z, thus, 
corresponding to the stress system 

x*=o, y„=t 2 , z a =o, ] 

we have the strain system 


To 


'E’ 


t T 2 

E’ 


and corresponding to the stress-system 

Xj=Y„=0, z, = t„ \ 

we have the strain-system j 


_ t 3 T, 

X — Cyy — - cr-jg , Czz ~~ "jg 


(7) 


( 8 ) 


The most general system ot stress, as wo 
have seen, will involve three principal stresses 
at every point, and by a suitable choice of axes 
it can be written in the foim 

X a .=T 1 , Y V =T 2 , Z*=T 3 , a 

x„=y 2 =z*=o / (°) 

We can at once write down the concspondmg 
strain-system, by means of the relations (0) (8) 
above, if we may assume that each component 

1 Th i s 1S . Q Y thp assumption that the clastic 
properties of the material aie not impaired by the 
action of a stress of the magnitude considered , in 
actual materials, as is stated latei (§(?)), faihue of 
elasticity would occur at a very much smaller stretch 


9 ^ cs s is accompanied hy tin set me 'Intuit, 
whethc) it acts alone ot in c on fit tit (ton noth 
othets This assumption <«innot bo « «»inpl< (oly 
justified on a pi ton grounds, but dl cxpui 
mental evidence supports it, and it has he< miifi 
one of the fotmdafions upon which elastic 
theory has been built up It is known n i the 
Pt mu pic of flu pet pout ion 

We adopt, therefore, foi t ho strain s\ dom 
corresponding to ( ( )) tlie following ox pn ssnuis 


,!V w -u(Z 8 I \ u )|, 
|55, ir(\ f |\,)!, 

o, 


(10) 


and from what has boon said ahuvo it will lit* 
evident that in these equations wo lia v o \ ( ntu 
ploto and definite statement ol the si joss sham 
relations, m an lHotiopie mateuul, <»l whu h 
Hooke’s Law is the qualitative r\ pie mum 
It is easy to cleduee hum thorn tho hdlnwmg 
alternative forms of the stress strain relations , 
(1 -cr) E 


C n I 


A 1 uu I -) 


z c 


<*« I 


1 a 


.('** I < 


1 - tr 




h 

I v mt) j 


M 


(in 


i m; 

t ho 


i %pv uu 


whore X 


10 

(1 t of 


( 12 ) 


(I ho-)(l -2a*) l 1 

(1 <r)K L 
(1 | <r)( 1 - 2a) V 9 
(l -er)K ft 
(l 1 cr)(I -2(r) I 

x, -=Y, -z, - 0 1 

§ (fi) HtUIOSH - STRAIN RUMTIONM IN 

OiiNHiAL (Wsk Equations (II) ync 
principal sLoshcm in tenns of tin* jumup.tl 
strains They aie fretpiently writ ton m tho 
simpler form 

Xo, XA I 2pc# u . 

Yy A A | 2flVyy, | 

55, XA 

irE t . 

(llcr)(L 2of * 
and A denotes tho quantity 

I P HU I 1 

which is known as the dilatation (>1i\i«mnlv%* 
A represents the fractional change uf volume 
which will he pmducod m an element aty 
parallelepiped of tho material, as the mmit 
of the throe stiams c vvf and e S!( un umim 
simultaneously, if wo may rogaid thnwo strain i 
as small , for this fractional change in pneu hy 

sv 

y “^(I "I I H ^l/v)(l I <*#,) L 

e m + Cyy “I C##, 

if wo nogloot small quautittos of oulc r highw* 
than tho first 

By addition of the throe equation** (12) wo 
have 

-^r) 4" Yy -|- Z a « (3 A *f 2g)A, 
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and if the thioo sli esses X t , Y w , and Z a aie 
equal, and of magnitude T, this equation 
may be watten m tlio fonn 
*vr 

A =u + V < I3 > 

which gives the fi actional increase of volume 
caused by a sttoss of unifoi m intensity T m 
all dnections A stiess of this nntuio, but 
negative in sign, is produced by the action of 
hydiostatic pressuio , the fractional change 
of volume is also negative, i e a conti action , 
and the quantity ](3\ + 2/jl), which evidently 
eoi responds m equation (13) to the quantity 
111 m the expression (b) foi e^, is by analogy 
termed the Modulus of Com pterion, oi Bulk 
Jlloduluk, of the matei nil It is often convenient 
to have a special symbol foi the quantity, 
although it is not an independent constant 
of the matonal, and the symbol usually em- 
ployed is K we have, from (12) and (13), 

K = 1(3\+2 M )= 3 - (1 >-- (14) 

Anothei constant of fiequont occurrence, 
also expiessible in toims of E and cr, is tho 
‘ 4 modulus of rigidity,” often denoted by C 
or N Wc may conceive a stioss system 
such that a small cube of the matonal is 
completely fice from stiess on two opposite 
faces, and subjected to simple sheai, of in- 
tensity S, on the other foui tho idations 
(4) show that the sheai s 
on one pan of opposite 
faces must he equal to 
tho shears on the other 
pair, and we may there- 
fore take Fig 3 as iepio- 
sentmg the stress-system. 
If we considei the cox re- 
sponding stress across 
tho diagonal suiface 
A 'BCD, it is easy to show, fiom the condition 
for equihbimm of either of the two paits mto 
which this surface divides the cube, that it will 
be purely nonnal, tensile, and of intensity S , 
similarly, the stress on the other diagonal plane 
will be puiely normal, compressive, and of in- 
tensity S If, therefoie, we take our axes of x t 
y 9 and z parallel to EF, BA, AD respectively, 
we see that the stress-system will he given by 

X*=S, Y w =-S, 

X v = Yjj — Z x = 0, J 

and the corresponding stram-system, by (10), 
will be given by 

1+ cr "\ 

C “-~I‘ (16) 

&ZZ~ 0 i 

Thus wc see that the diagonal EF will 
lengthen by a fractional amount (1 H-<r)(S/E), 
and that the diagonal AB will contract by a 
like amount The two diagonals will remain 



(15) 


pei pendii ulai, and if dashes indicate positions 
aftci stiam, we have 

till A'E'(V Ari-=I !- 1 ' \ 1 

E G (H c«)KU 1 hr,, 

Now the change piodueed by stiain m tho 

light angle A MB is obviously equal to 

2 -2(AT/C')< 

and tins chango is the angle y of sheai stiam, 
oi “ slide,” as dolined m equation f3) of § (3) 
Thus we liavo 


= . — tan 


whence 


2 4 
tan 


_i/l -I L//A 


2 2 | e ar ~| e vlt ' 

" — Cyy)> 


(17) 


if wo rogaid tho atiams as small, and neglect 
small quantities of the second oidei To the 
same appioximation, we may wnto y/2 foi 
tan y/2 , we thus obtain, finally, 
y ~ c-xn ~ ('wf 

= 2(1 I <r)J 

The “modulus of ngidity,” by analogy 
with tho definition of E which lias been given 
above, is defined as tho intensity of shear 
stress leqmied to produce a slide of amount 
I Ilonce the slide y which conesponds to a 
shear stiess S is given by 

7=| (18) 

and by companng (17) with (18) wo see that 

C= 2(l+<r) ^ 

that is to say, tho modulus of ngidiiy 0 
(or N) is identical with the constant p oi 
equation (12) 

Tho Jesuits exploded by (14) and (10) enable 
us to impose (oitain limits upon the \ alius which 
are possible ioi cr It is dear that tho tint o moduli 
denoted above by E, 0, and K must all bo positive 
otherwise, it would bo possible to obtain an in 
definite supply of cneigy from elastic matonal by 
putting it through an npjuopnnto cycle of siicss, and 
tho pimoiplo of Conservation of Energy would be 
violated It follows that the two i alios K/E and 
C/E, and hone o tho quantif ios 1 - 2<t and 1 | cr, are 
necessarily positive that is to say, cr must ho within 
the lango given by 

- 1 <cr<0 5 

So fax aB is known, no matonal exhibits a negative 
value of cr , blit it is of interest to note that such 
values are not a pnari impossible 

If our axes of ^ and y had been taken 
parallel to tho sides, EB, EA, instead of to 
the diagonals, EF, BA, of the cube, tho 
stress-system of Fig 3 could have been cx- 
pi eased m the form 

X,=S, Y* = z»=0,> 

x„=y,=z,=o, j 


( 20 ) 
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and the corresponding stiam system, horn 
what has just been said, would have been given 

by - S - -nl 

&XV — i C V3 t) — 0, I 

* f 


(21) 


&xx — ^uv — @mS — 6 

The strains coi responding to shcai sti css- 
components Y s oi Zj could be similaily 
wntten down, and by the Ihinciplo of Hupei - 
position these may lie combined with one 
another, and also with the expulsions (11) 
or (12), winch m § (4) weio derived on the 
assumption that X x , Y y and Z 3 weio principal 
stresses — ic that X v , Y s and Z x weio zeio, 
for the principle asseits that any one sti ess 
component has a definite expiessum in tojniH 
of the strain-components, which will not be 
afiected by the coexistonco of any othei 
Thus, m the genoral case, wheie the axes of 
x, y and z do not coincide with the duections 
of the principal stresses, we have tho following 
relations between sti ess and stiam 

— \A "|“ X.y ~ fAP&yn 

Yy=\A+2/jLe y „, Y~~fic vz (22) 
Z z ~ k A 4" 2fx&gz , L % ~ jxp g X I 
The most geneial expression of Hooke’s Law, 
m l&otiopic material, is thus soon to involve 
only two elastic constants 
§ (6) Dynuiicil Equations in Terms oe 
Stress — W e have now expressed the pmoly 
empirical law of Ilooke m a foim which 
is mathematically convomont, and we may 
proceed to apply om losults to the analysis 
of stress and stiam m elastic solids Tho 
motion of any portion must bo governed by 
the ordinal y laws of dynamics , that is to 
say, its acceleration will bo determined by 


lend to puli the p ti dlolopijH 1 1 m opposite 
ducotums) dilb'i by t hr* unoimf (< \ i t h / , 
lionet', thou combined t ontnbiitiou (o Hue 
Ion o is 

. 

oi , ou o 

i'i 

The eonlnlmlions ot 4 lit* nlhoi Uh'moh am 
given, sinuLuIv, by 
oYr 
d// 

c'Zj * 

j ,01 01/ (I , 

uid homo wo see fliil (he to! it mduhimed 
Ioko on (Im piiiiiiltdopipt d, in 1 be dm 1 1 inn 
Ot, is given by 


o i 01/ o 


/'\ I 


rA w , cK 




>'•! 


whom ft\ is the bod\ fun e, pet unit volume, 
acting at the pomt eomudeiod the* •nbditutmn 
ol \ u for \ , is justified by tho mint ions (p 
above 

But the mass id (he mateintl contained 
within the paiullelopiped w , 1 1 »//.«, 
where p is the density, henu% if / e, it* 
acceleration m the dins (ion lit, we have as 
the equation of motion m tlun dnoetjun 


and 


/A 


/»Vl 

pZi 



d\« 

,r\. 

1 

- 1 

< V 

; 

Ut 

1 

f v 

ihUUM 

eX)/ 

. 

< v« 

or 

rV 1 

r . 

<"A* { 


{ 

(U 

Ut 1 

t * 


P . /« 

I' -f* 


(2A) 



the resultant unbalanced fouo which acts 
ujion it, and by its inertia If wo consider 
the portion contained within the boundauoN 
of a small parallolopiped, as shown m /fy/ 
it is clcai that wo can express tho unbalanced 
ioicc excited by tho sunoundmg maternal 
m terms of tho sticss-oompononts defined 
above Consider, m tho first place, tho com - 
ponent of this force which acts m tho direction 
of tho axifa (H The stress components which 
contribute to it are Xj , Y r and 7,„ noting „„ 
the faces shown Tho rompononts X, not 
on faces whoso .iron is Si/ x Sz, and which are 
a distance Si apart, so that tho magnitudes 
of tho stresses on tho two faces (which clearly 


can be obtained HinulurU, 

E(|ualinnH (23) must obviously be aniitdied 
ovojy point m a Imd.v, imluji*uidcrdl> «»f 
any uHHumpliun reganlmg da ehudiuH * No 
additional equulioiw me mjututl («» define 
the mtidmimi motion of the j>tiv«dle(uptpi d, 
'which may ultimately he legwded me mfindi hi 
mat, and ho treated an a pmliele, The almem e 
of any loHultuut turning lendew % him been 
eiiHiued already, by the relufioim fib 
§ (7) Htrvinm knpui.nnmi in Ti kmn oi/ Dm 
PfiAciMKMNT When the almm at mi ft tvUau>m 
are known fm the material commitm d, we i m 
express the (juauUiiea (other! hnn \ t \ nod Z) 
on tho loft of ecpialiouH (26) m Uumn of At nut 
eomponontH \ hut the equatuma will atdl be 
intractable mathematically, uulean vvcmhu find 
a common ayntem of varmblea in t mm of 
which they may be completely uxpreaned , 
and the fact that the accelemtmii omnpnmmta 
L wn»y be expreHHed m id the 

eomponcmt dinplneonumU of (la* pomt eon 

aulered uul mates that we alioultl cmdeav our 
a bo to relate the nix Htmm t'munmmiH to 
tluvse quantities, 

i^et u t i\ w denote the component tliatdaee- 



ELASTICITY, THEORY OE 


247 


mants of any point (i, y, '-) in tho tlnei L oot 
Ox, Oi/, 0- icspeolivcly , then 

I 8 JJ „ d^w 


Jus - 


Sr 


(I "U 

= Tt* 


Sr 


'0i a 


(24) 


The strain-component c rc denotes the stioteli 


<V 

(Pc 2s 

0<t a 

d u Pxx 

>/ J 


when AB is jiaialicl to Oi and in- 
definitely reduced Wo may now wnto 
8a, foi tho length AB m tho denomina- 
tor , the numeiator is the total in- 
crease m the length of AB winch 
results fiom strain, and this will 
fieaxly be equxl to tho amount by 
ivhich the displacement of the point 
B exceeds the coiicspondmg displacement of 
ho point A — t e to tho quantity (du/dx) Sx 
Chus, m tho limit, when dx is indefinitely 
educed, we have 

exx-£ x > 

nd similarly 

?w dw 


(2) 

1 a 

pOHSiblo 

one, can 

bo 

wuttu: 

i as follows 

, d- 

‘^33 

d“0yz 


d i 

f Jde m 

: , , &V 


" dt/dz’ 

2^ ~ = 
vt/cz 

?S 

\ d% 

+ H + di. 

: flVm, 

0‘T'C* 


a, 

fdCyS 

de zs dc xv \ 

+ ? 

z i 


“Tzdi 
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dy + dz)’ 

. f) J 

‘('vv 

d“Cxv 


d, 

'dCyz 

d&zx 0 e iTl/\ 

■< ? 

V 

^ r\ 9 

( ivy 

"didy 



dy dz ) 


Qyy - 


dy’ 




0s 


(25) 


’he sti am-component e lfZ denotos the slide in 
be {y, s) piano, i e the value of y m equation 
1), when AE is initially paiallol to the axis of 
, and AC to the axis of 2 It is the angle by 
hich AC and AE appioaoh one anothei, and 
ns obviously is the sum of (l ) the angle at 
Inch A'E' is inclined, aftci strain, to the 
axis, and (n ) the angle at which A'O' is 
chned, after strain, to the s-axis By icason- 
g similar to what has been given above, we 
ay show that tho first angle is of magmtudo 
vfiy (we shall always be concerned with 
rams which are very small, and hence it is 
mecessary to distinguish between tho angle 
id its tangent) and the second of magnitude 
'jdz , hence wo have 


d similarly 




0 10 0V 

~dy + dz’ 

du dw 
~-dz+dx' 
_dv ?’U 
~ 0a " dy 


( 20 ) 


Making use of tho results expressed m cqua- 
ns (22) and (24)-(2(>), wo can wnto tho 
lations of motion (23) m terms of tho thioe 
lables u, v, w, and of constants which aio 
nra foi the material consideiecl We thus 
-am the result given m equations (28) 

’ho fact that all six of tho attain components 
be expressed in toims of the tlnoe com- 
mit displacements u, v, w, indicates that these 
quantities axe to some extent interconnected , 
, is to say, if we assign an arbitrary expression, 
‘acli strain component, wo shall not m general 
un a possible distribution of strain It is not 


chilli ult to set that the icason why such aibiti try 
oxpusHions mi not pcuniHsihlc is that they \iolutc 
the conditions itu continuity oi the material utter 
si nun 

TJio necessary and snfiiciuit relations winch must 
be satisfied by the strain components, m older that 


(27) 


Those equations are gen oi ally known as the “Con- 
ditions oE Compatibility foi Strain - Components " 3 
They can be veiihed by substitution fiom (25) and 
(2b), and are obviously independent of any assump- 
tion m icgard to the properties (other than con- 
tinuity) oi the maternal 

§ (8) Equations of Motion — Reviewing the 
position leached m the piecedmg paragraphs, 
wo notice that — 

(a) Tho equations which express the equi- 
librium oi motion of the material contained 
within any clomentaiy parallelopiped may be 
written down fiom considerations of statics or 
of dynamics, m terms of its density and of the 
stresses which act upon its faces , 

(b) The component velocities and accelera- 
tions of the contained mateiial can be ex- 
piessed m toims oi the component displace- 
ments % v > and w , 

(r) Tho strains (or changes m the sides and 
angles of the parallelopiped) may be expressed 
m toims of tho same three quantities, from 
geometrical consideiations alone , 

(cl) An innovation is introduced m the theory 
of elasticity, by tho assumption of lolations be- 
tween stress and stiain which enable us to sub- 
stitute stiams foi sti esses m tho equations of 
equilibrium ox of motion, and thereby to expiess 
these equations solely m tenns of tho relative 
displacements of diffeient points in the body 

The resulting equations of motion, when 
tho body-foiccs aio zoio or negligible, may be 
wutton m tho fox m 

,0A 2 dht 

-i -/iV 2 w=pgp-, 

/\ . . o d 2 v 

n 0A , 2 d 2 W 


whore v 3 denotes tho operator 
0 2 0 2 8^ 
0'r 3 "^ dy^dz*’ 
and tho <c dilatation ” 

. dv dw 

~~dx^dy dz 


(28) 
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When the displacements u, v, w, are steady, 
the terms on the light of these equations 
vanish, we are then left with “equations 
of equilibrium ” 

For some purposes it is convenient to re- 
place the rectangulai (or Cartesian) system 
of coordinates which we have employed 
above by othei systems, such as polai co- 
ordinates For particular of such systems, 
reference must be made to the authois cited at 
the foot of this article it is sufficient heio to 
state that the motion can always be defined by 
thiee variables, between which three indepen- 
dent relations may be found from the equations 
of motion for the material contained within an 
elemental y volume 

The equations (28) will be satisfied at eveiy 
point m an elastic body, on the assumption 
that the relation between stress and stiain may 
be expressed as in § (5) above (2 e that it is 
linear, and independent of the previous stress 
history of the material), and that the sti ams 
occurring m the body are everywhere small The 
latter assumption is necessary both to justify 
the equations of equilibrium as expressed m 
terms of stresses, and to give precision to the 
relationship between stress and stiain foitun 
ately, it imposes no serious restuction upon 
the extent to which oui results may be applied 
m practice, since it is found that the strains 
produced m actual mateiials, by any stress 
which they are able to sustain elastically, aro 
always extremely small Remembeimg this 
restriction upon the validity of the equations, 
we may draw a deduction of great practical 
importance from their form , for it is evident 
that when any two solutions are combined m 
any proportion, the resulting expressions foi 
the displacements will also be solutions of the 
equations This is, of course, a restatement, m 
^general and mathematical form, of the “ Prin- 
ciple of Superposition ” which we have noticod, 
as an experimentally established law, m 86 (4) 
and (5) above 

We have said that the general problem m the 
theory of elasticity is to determine the relative 
displacements of different points m a given 
body, produced by forces which are specified as 
acting either on its surfaces or throughout its 
volume forces of the first type aro termed 
surface tractions , and of the second type body 
forces A second f oi m of the pi oblem may now 
be mentioned, m which the displacements of 
the suiface are specified body forces may also 
be assumed to act, and m general tho specified 
conditions may include specified tractions at 
some pomts of the boundary, and specified dis 
placements at others The suiface displace- 
ments or tractions may be specified by thou 
components perpendicular and parallel to the 
surface but the displacements can obviously 
be resolved along any specified direction (and 
hence expressed m terms of it, t,, and w ), and 


tho foimulie foi tiauslonnulion t if sfie*s mm 
ponents (uh ned to m 8 (1) above) enable in 
to expiess bound, uy (ondihons vvliuli < onsiht 
of specified sui hue tnu turns in tenns of the 
sti css components, , \ u > Hi » ami 

hence m tcims ol i/, i\ and in Mafhunitn dl\, 
theiefoie, oui geneial piobhm is to dotoimttm 
thcfmmsof thiee bun lions, //, r tt\ w Im li mu 4 
satisfy the equations (28) of motion m otjm 
libimm at ovoiy point m the body, and wlm h 
aio subject to (eitam hounduiy (onditinns at 
| tho sui faces If such functions <uu lie tmiml, 
wo aio in a position immediately to dedm e the 
stiams and stiesses winch o<tut at oven point 
in tho elastie solid i onset ied, and ds belmv mm 
is then completely defined , foi Kin fifioil fi i i 
shown that any solution ol the oquitmus of 
cquilibuum, wlm h also satisfies the spe< died 
bounclaiy conditions, h unique, and Neumann 
lias extended lus theorem to the equations <4 
motion, by showing that a solution oi these 
equations which satisfies specified initial tomli 
tions in icgftid to displacement mid vefimfv m 
also unique 

For practical purposes, we are often tonumrd 
almost cutncly with (he (list nfiut ion of s/ns m tin* 
mtoiior of an ciastic fiodv, and tin displat t minis 
and shains wfucfi mtompnnv (lie Mmims no* of 
little mteiost When the suiface hue! inn i a m 
specified, it is, theteloic, evident that a ton idi r tfifi, 
gam in point of < onvomom e might In espnfid fnnn 
methods which would tnufile ut to udeulaie tin 
stiesses directly, without intioduung (lie tpmnt itt< j 
u, a, w Much attention Jmt hen devoted m imni 
ycais to this profih nt, and methods fin (he “duut 
dotoriiimatum oi sLiess ” am cummg into mom ami 
mom ficqucnt use Then pim. iple toimihlt m 
expressing flic dificmnt components of Him in m 
torms of one m mom common fum lions, uhirii nit * 
dotcinuncd by t hntm tomtit* ditlcmntml upistums 
obtaining at ovet y pom t , and I»v appi opt ml e houmla t \ 
conditions im details, mf< h nee must la math* to 
the authors oiled 

§ (0) AmmiAvioN (wTuumv to Mscini t u 
JNd OtOMK ) n Pho (booty, (4 i otnua, piHHeoseu 

an interest, from the ptnely matlmiimlmnl 
standpoint, which is independent of its pjuHi 
cal applications, huh fin (hi* pm pose of t !st« 
presold aititlo it. m noeessiuy heie fu mqmn* 
what is its value to Urn pfiysuml and to dm 
ongmooi. The immediate iiusvuu, hum dm 
point of view of the engineer, hi Mint dm mil 
dilation of stioHHOH man essential piehmimuy 
to tho design of stun turn! memfiets ofmletpmfe 
strength. Actual maim in Is, as has been Hfritml 
above, ate elastic only so long as tin* stresses 
to which they are subjected lie within eoiltuu 
defimto limits if these limits are exceeded, 
pormanont distortion occurs, fi> processes of 
gioat complexity, about vluch\t is mmeecs 
saiy to say more hern titan that they are im 
variably accompanied by more or less seimus 
deterioration of die imivnM capacity fur 
resisting fltroas, The problem of deciding 
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whether the calculated nt i ess syst (‘Di will oi 
will not produce this u iatlme of elasticity ” in 

IL glVC'll 111 dCU.d IS Olll* Wltll Which tllO tilOOlY 

ol elasticity, m its shut sense, has nothing to 
do it. is 111 lly discussed in the aiiielo on 
“Thorny ol Nti m lures, , ‘ l and it. is Hufhcicnt 
lieie to remailv that the* theory ol elasticity 
supplies the' mathematical haws ioi the* caleu- 
lition oj stresses, that the* mourn of Testing 
of MatonalH (h(»o mtulo urnhs this heading) 
supplies experimental data m icgai d to tho 
h! length ol tho materials ol eunsli notion , and 
that tho Thorny oX Structures employs tho 
mfoimation thus piovulcd m tho practical 
science ol ** Design," 

(10) NnMF (jUNOIvAO Tupukmmh Apiut 
limn questions of at length, tho practical utility 
ol tho thoorv ol elasticity wilt ho mtmt euHily 
judged limn nu accounted tho problems which 
have hoc n Holv<*d up to tho pioHont time 
by its nuMiiH \V(* may notice, m tlu* fust 
place, oeitnm genentl theorems wluoh havo 
boon established Fust, it ban bt*on shown 
that tho stresses sol up by a load which is 
suddenly applusl may bo oh muoh aH tvuco aH 
gioat as those wluoh would ho pioducod by 
a giadual application ol tho same load, and 
that it a load ho suddenly temped tho stresses 
may bo trebled, thiH result has, of comae, a 
veiy great lmpoiUnto im engmoonug design 
Again, t.lio olloots of small Haws in materials 
havo been mvostigatoil, and it has been shown, 
loi example, that if a momhoi wluoh is sub- 
jected to simple tension oi compiession m one 
dueotion contain a smalt sph(*neal Haw at Homo 
point m its mtoiioi, tho tension m com- 
pression m the matmml will bo uppiovimaloly 
doubted at eeitam points on tho suilaeo of tho 
Haw , if tlu* Haw have tin* lorm of a circular 
cylinder, with its axis perpendicular to tho 
dueotion of i ho tension, tho hIichhoh will he 
trebled 

Again, the effect oi an impulsive pressure at 
the surlaeo of a body has been investigated m 
general terms, and d has lu*eu shown that 
waves of stress oan be propagated m an olastie 
solid wlueh, if the solid is isotropic, may bo ol 
two typos, piopagated with different velocities 
The last is a wave of ddatatum, involving an 
alteration m the volume, but not m the shape, 
of each element of tho material as the wave 
passes it, stall waves aie jnopagatod with a 
velocity \(\ I 2/i)/p, The scemid is a wave of 
distoition, involving change of shape, but no 
change of volume m each element affected ; such 
waves travel with velocity *Jp,/p further, 
it has been shown that a certain type of wave 
exists winch is propagated over the surface of 
a solid body, and involves practically no cits 
tui banco m the interior ; its velocity is a little 
less than that of the waves of distortion just 
relerred to Those results have, of course, an 
impmtant bearing upon tho phenomena which 


oe< ill m the < olhsion oi oIuhIh solids, and m 
earthquakes 

bight has also h(*eu thrown upon tlu* ualuie 
of tho stresses produced by tom imitation of 
load at Homo point m a body, by means oi 
exact solutions lor ecu lam partu ulat example's, 
aud a knowledge oi the velocity with winch a 
wave oi stress n piopagated along a thin 
cylindrical rod has been used by Hopkmson m 
devising apparatus for the measurement oi the 
Urge impulsive pi ensures which aie sot up m 
the detonation ol explosives 

§(I1) tSi’MJIVL NOMJTIOMS Pumai'Lh OF 

St Vwnvnt Turning now to tho considoia- 
tion ol special solutions of the equations oi 
eqmhbuum and of motion, wo may notice that 
exact solutions have* been found loi seveial 
type's oi periodic vibration m spheies and 
circular cylinders, and that the equations oi 
equilibrium have been solved in a form winch 
piovides exac t knowledge ol the stresses pro- 
dueed m a pusmatu body of any eioss-seetum, 
umloi ecu tarn paituular syslc'ms of loading, oi 
winch the general oflcct is to piochiee exton 
sum, ilexuie, oi twisting, theses lesults, as 
will he HiH'u later, have been extended to give 
an ttppionmde thorny ol such actions, without 
text) it turn upon tho vjttut dwhtbutwn of the 
hmh whu h juoduce them We also possess e vac t 
solutions for the stresses set up in thick tubes, 
or m spherical shells, by umlonn tractions 
applied to their surfaces, and lor the sit esses 
which aio pioducod by tho rotation about then 
axes of cot tarn solids oi i evolution such as 
cylinders and tlun discs 

In these exact solutions, it is sometimes 
noeessaiy to assume that a small “auxiliary 
stress-system " acts at certain parts ol the 
boundary, and tho results thus fail to apply 
exactly to practical problems, in which such 
systems cannot be assumed lo exist but Nt 
Yenant has shown that the discrepancy which 
thus arises may be, lor practical purposes, 
regarded ns involving a slight and ummport 
ant decrease of aoouiaoy, rather than a loss 
of generality Tho principle upon which lie 
bases tins conclusion, and which is usually 
designated by his name, states that any locally 
applied system of surlaeo ti at turns, which is 
itself a completely equilibrating system, has a 
negligible influence upon tire stresses, except at 
points of the body lying quite close to tho 
region withm which the system is applied. 

§ (12) PitoiiM'iMS cm tum Krinmm and of 
Tins Plank General solid ions have also boon 
obtained ior tho stum's produced by sym- 
motucal distributions of surface ti actum act 
ing upon circular cylinders or spheres, and 
tho solutions Jmmd m the latter case havo 
been applied to problems relating to tho form 
of tho earth, such as the dependence of its 
olliptioity of figure upon tho diurnal rotation, 
and tho relative displacements produced by the 


1 
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disturbing attractions of the sun and moon 
The lattei are analogous to the tidal motion 
of the sea xelative to the land, and for this 
reason have been called “ tides ” Lord Kelvin 
has calculated what he has teimed the “ tidal 
effective ngidity of the earth,” — le the 
ngidity which must be attributed to a homo 
geneous, mcompiessible solid sphere, of the 
same size and mass as the oaitli, in ordei that 
tides m a leplica of the actual ocean zesting 
upon it may be of the same height as the 
obseived oceanic tides His calculations led 
lum to mtoiesting speculations as to the 
constitution of the earth, which do not, how- 
over, appeal to be eiitnely suppoited by 
evidence obtained fiom tidal phenomena 

Finally, we may notice that solutions have 
been obtained foi the effects of certain 
paiticulai distributions of suiface traction 
upon a body of infinite extent, having one 
lilano boundaiy , it does not appear, how- 
ever, that these lesults are of much piaetical 
importance 

§ (13) Approximate Results — The prac- 
tical value of the theory of elasticity has been 
extended less by chscoveiy of oxact solutions, 
such as have been rofeiiod to abovo, than by 
investigations which have shown that increased 
gonoiality can bo obtained at the cost of some 
slight loss m accmacy Foi the piaetical 
purposes of physios oi eiigmeenng, it will be 
lecogmsod that gencialityis of much greator 
value than absolute accuracy, since a margin 
of safety has in any case to bo piovidod, to 
meet such contingencies as faulty workman - 
ship, conosion, or local damage Wo have 
already referred to the value of St Yonant’s 
principle m this connection one of its most 
nnpaitant applications has been to the theoiy 
of such piobloms as the sti esses in beams 
and thin plates The exact solutions for tho 
stresses produced by ilexuio m a uniform beam, 
to which lefeience has boon made in § (11), 
show that tho resultant action of tho stresses 
occuning on any section of tho beam may bo 
expi eased m terms of tho extension and 
eurvatuie, at that section, of its stiamod 
conti e-line (i e tho line through tho conti oids 
of cross sections) It may bo shown that 
St Vonant’s pimcipio justifies us in assum- 
ing that those oxpiossious will obtain, with 
reasonable accuracy, ovon when the external 
forces ate not applied m tho manner postu- 
lated by tho oxact solutions, or when the shape 
and si/o of tho cross section change at dill or 
out parts of tho beam Hence, instead of 
having to consider tho motion of each in- 
finitesimal element of tho beam, wo may write 
down equations foi the motion as a whole of 
the material contained between two adjacent 
clohh -sections, and wo may express these m 
terms of the relative disjilaccmonts of tho 
corresponding points of the oontre-hno The 


numbei of independent variables is thus 
icdrucd from three (the co oidmatcs of any 
point in space) to one (the distance of any 
section, measured along the conti c-lme, fiom 
a fixed point), and a great increase of simplicity 
m tho calculations is thus obtainable 

Foi an account of tho ways m which these 
principles aio applied by eugmeeis, m calculat- 
ing the deflections which occur m girders 
under tho action of latoial loads, lefeience 
may bo made to the aiticle on “ Theoiy of 
Siruotmes ” Similar methods enable us to 
calculate the frequency with winch a beam of 
givon dimensions will vibiate, and tho results 
thus obtained aio of importance, both m 
enginooimg design (where it is necessary 
to take precaution m advance against tho 
dangers associated with “resonance”), and 
m tho theoiy of sound C\n responding simpli- 
fication has boon introduced into the calcula- 
tions relating to thin plates oi shells, and 
although such problems are necessarily of 
somewhat gi eater complexity, it is tiuo to say 
that many piobloms can be solved by those 
appioximato methods — with an at cuiacy which 
n quito adequate foi practical piuposts — 
which would bo almost intractable by ngoxous 
analysis For the physical theory of sound, 
tho Lite Lord Rayleigh’s generalised treatment 
by axqrioxmiato methods of pioblems lclatmg 
to the vibration of elastic solids has proved 
paiticulaily fruit! til m results 
§ (11) Flahtio Stajuiuty — One class of 
problem still reqimos notice Wo have 
lofoued m (8) to a thoerom of KnchholT, 
that any solution of the ecprations of equi- 
librium winch also satisfies the specified 
boundaiy conditions m unique If we com- 
bine with this tho assumption of Hooke’s 
Law, that the strain vanes proportionately 
with tho stress, we may conclude that any 
stiamed configuration which wo can deter mmo 
will be fitahle, sinoo departure from that con- 
figuration must of necessity he act ompamod 
by an mu ease in tho total potential enoigy 
of tho system Rut the theorem of Knchhofl, 
being based upon the general equations (28) 
of motion or equilibrium, doponds with thorn 
upon tho implied assumption, that tho strain 
which occurs in an elastic body, as the result 
of applied forces, docs not n fleet appreciably 
tho stress winch those forces bring into existence 
at any point This assumption is in general 
legitimate but it fads in some instances 
when applied to elastic sohds, such as thin 
rods or plafos, of which tho dimensions aio 
widely different m different clueotions For 
example, if wo imagine a straight shaft, which 
initially rotates about its axis, to deflect into 
a curved form, then additional stresses will bo 
called into existence as a result of that do flec- 
tion, since the conti lfugal offoct of rotation 
will tend ‘to deflect the shaft still further, 
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At some definite speed of revolution this 
distorting efiect will exactly noutialise the 
capacity which the shaft possesses, m vntue 
of its elasticity, of i ever ting to the stiaight 
foim, and hence the dclleotion, if it occms, 
will bo maintained The equilibrium of the 
stiaight conhguiation has m fact become 
neutial, and the shaft is said to “ wlml ” 

A srnnlai tendency towaids “ clastic in 
stability ” is exhibited by a long straight rod, 
oi “ stmt,” which is subjected to axial oom- 
piession At a ceitam definite value of this end 
load, the cquihbimm of the straight configura- 
tion becomes neutial, and the load can hold 
the stmt bent into a euivcd form Both of 
the examples hoio cited aie of the hist im- 
portance m engmeoting design, and the icadei 
who desnes to have further information about 
them should icfei to the article on the u Theory 
of Structures ” 

Elastic instability can also occur in thin 
circular tubes, whon these aio subjected either 
to uniform end compression or to hydrostatic 
piessuio on then external surfaces (as occurs 
m piactice in the flues of steam-boileis), 01 to 
torsion It is then accompanied by tho forma- 
tion of waves, or corrugations, of veiy legular 
geometrical typos, and the analysis, though 
difficult and lengthy as compared with that 
of the piohloms just deseubed, is tiaetable 
and interesting, moie particularly as regards 
the indications which it affords of precautions 
to bo observed in practical woik when struc- 
tural members have to be built up fiom thin 
sheets of metal The development of metal 
construction for an or aft has, m fact, given 
to tins subject, which was formerly regaided 
as mainly of theoretical interest, a practical 
importance comparable with that of the more 
familiar problems of elastic theory 

§ (15) PlXOTO -ELASTICITY AND SOAP BUBBLE 
Methods — Compared with othoi blanches of 
mathematical physics, the subjoct of elasticity 
is remarkable for tho extent to which theory 
has developed m advance of its experimental 
verification Indeed, a little loflection shows 
that such vonfication is a matter of tho 
greatest difficulty Ho means have been 
devised foi measuring tho strains in the 
intenoi of an opaque body, and a comparison 
of the breaking loads given by theory and 
by experiment fails to supply the required 
verification of theory, for the reason that 
fracture m actual materials is preceded by a 
moie oi less lengthy penod of transition from 
the elastic to tho plastic state, during which 
the relations between stress and strain fail to 
obey Hooke’s Law (of § (9)) 

The nearest approach to precise experimental 
veufieation which has yet been made employs 
the property of photo-elasticity It is an ex- 
perimental fact that an isotropic transparent 
body — such as glass (which has the merit 


that it obeys Hooke’s Lav with coiioideiablc 
precision)— becomes doubly i ef i acting when 
stressed, its optical pnncipal axes at any 
point being coincident with the directions of 
the principal axes of stress at the point , 
lienee, by the aid of polarised light, it has been 
found possible to study many two dimensional 
systems of stress which aie not amenable to 
mathematical analysis 

In such systems, the stress components aie 
expressible m terms of a function deter 
mined by appropnate boundary conditions, 
and by tho equation 



(29) 


which must be satisfied at every point of 
the (x 9 y) plane lying within the elastic solid 
considered In the solutions obtained by 
St Venant for the stresses produced in a 
pusmatic solid by torsion oi flexuie (see § (11)), 
tho stress components aie found to be expres 
sible in tenns of a function \f> which satisfies 
the simpler equation 



Now equation (30) is satisfied by the normal 
displacements (when these aie small) of an 
initially flat membrane which is subjected to 
equal tensions in all directions, and advantage 
has been taken of this fact by Taylor and 
Griffith, who have shown how to determine 
the function \f/, foi pnsms of any given cioss 
section, by measurements made on a soap film 
stretched across a closed boundary of appro- 
priate form Such experiments are not, of 
couise, to bo legal ded as a veufieation of 
elastic theory, but as a means of extending its 
results they are typical of the present trend 
of its development, which tends more and 
more in the direction of practically useful 
extension, even at the cost of some slight 
decioase m accuracy r v s 


Reference'* — The standard work on the subject 
is Ifiofessoi A E XI Lo\c’s Mathematical Theory oj 
Elasticity, which in its thud edition (Cambridge, 
1020) Includes references to practically every paper 
of importance m the subject which has so fai been 
published Most of the problems which have been 
applied successfully to practice aie deseubed (m 
general, with diagrams which sei\e to show the order 
of magnitude of the stresses considered) in Dr A 
Morley’s Strength of Materials , bii J A Ewings 
work of the same name, and other engmeumg 
treatises of similar scope The following table of 
lcfeiences, for individual paragraphs of the present 
paper, will serve as an acknowledgment of the use 
which has boon made m their preparation, of the 
works of Love and Morley , XT 

§ (8) On the theorems of Kirclilioft and Neumann, 
cf Love, op cit §§ 1 18, 124 , on direct methods, cf 
ibid pp 16, 17, and § 92 
§ (9) Cf Moiley, op at chap n „ , 

§ (10) Cf Love, op ext § 84 and chap xin , 
Moiley, op cit chap iii and Appendix (4tli edition) , 
IXopkinson, Phil Tran 9 Roy Soc A, 191 i, ccxm 
437 

§ (11) Cf Love, op at chaps \n , xiv , xv , v 
(for details of the solutions mentioned, m the oidci 
given above) , also § 89, on St Venant’s principle 
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8 (12) Cf Love, op cit chaps \i and \ 

§ (13) Cf Lo\e, op cit chips wv uiv A, and 
Morley, op cit chips iv i\ and xn-xiv tor 
details of Lord Rayleigh’s method, cf his Theory 
of Sound, \ol l _ 

8 (14) Cf Love, op cit p 30, §8 286, 264-267 A, 
27 2 (d) ( e ), and 341, Morley, op at chips i\ , xi , 
and xiv , . , , 

§ (15) Cf Love, op cit , 8 57 and footnote 
Further references have been given by A It Low, 
Aeronautical Journal Nov 1018 On the method 
of Taylor and Griffith, cf Enqineinng, 1917, civ 
655-699 Analytic il methods toi the solution of 
equations (29) and (30) have been propounded 
recently by Bairs tow, Pioc Roy Soc 4, xcv 457 
475 c 394 413 


Electrical Brake — National Physical 
Laboratory Dynamometer See “ Dyna- 
mometers/ 5 § (2) (v ) 

Electrical Constants Table of most ie 
liable values for use m de lei ruinations 
of mechanical equivalent of beat See 
“ Mechanical Equivalent of Heat,” § (9) 
Electrochemical Equivalent of Silver 
See “ Mechanical Equivalent of Heat,” § (8) 
See also Vol JI 

Electrolysis, Thermodynamics op Sec 
“ Thermodynamics,” § (64) See also Vol II 
Elongation 

Barba’s Law foi Geometucally Similar 
Test Bars See “ Elastic Constants, 
Determination of,” § (15) 

Distribution m a Test Bar See ibid § (15) 
Variation with Cross-section See ibid * 
§ (17) (u ) ^ f t 

Vanation with Gauge Length See ibid 
§(17) (i) 

Elongation and Contraction op Area 
Method of Calculation See “ Elastic Con- 
stants, Determination of,” § (23) 

Emergent Stem, Correction, applicable to 
thermometers See “ Thermometry,” § (9) 
Emissivity op a Surface a teim used to 
denote the ratio of the heat emitted by 
unit area of the surface to that emitted by an 
equal area of a “ full radiator ” at the same 
temperature See “ Pyiometry, Total Radia- 
tion,” § (18) 

Energy corresponding to a given Wave- 
length in the Radiation prom a Black 
Body used as a secondary standaid of 
temperature m the range above 500° C 
See “ Tempeiature, Realisation of Absolute 
Scale of,” § (41) (iv ) 

Energy, Distribution op 
In the Heat Emission Spectrum of the 
Metals, and Correction to Optical Pyio 
meter Readings See “ Pyromotiy, Opti- 
cal,” § (17) 

In the Spectia of Platinum, Palladium, and 
Tantalum, determined by Optical Pyio 
meter See ibid § (23) 

In Spectrum of a “ Eull Radiatoi ” at 
Various Temperatures, studied Experi- 
mentally See ibid § (2). 


Energy, Measurement oj., in Thermal Con 
duotivity Determinations Sec “Heal, 
Conduction of,” § (9) (i ) 

Energy op Ideal Gas and op Gaseous 
Mixtures See “ Theimodynamies,” (57) 
and (62) 

Engine, Heat- See “ Thoimodvnamics, 
Definition of,” § (1), ce Reveisibihty ot,” 
§& (18) and (19), “ Efficiency of,” ^ (20) 

ENGINES AND PRIME MOVERS, 
THE BALANCING OE 

§ (1) Preliminary — An ongmo is said to bo 
balanced when it mns without vibration 
Masses aie added to the moving paits to 
secure tins immunity fi om vibi ation, and these 
masses aie called Balance- Weitjhts 

The importance of hooping the ongmo still by 
balancing the moving pails lies m the fact 
that if it vibiates it communicates its vibi ation 
to the foundation on which it is secured, 
and thus staits a wave which may spioad to 
the surrounding buildings and cause tioublo 
The trouble is very much increased if the 
foundation has a natuial pound of vibration 
equal to the penoclic time of tbo vibi ation of 
the engine Then the disturbance produced 
in the buildings is out of all proportion to the 
disturbance of tho engine itself 

Synchronism of the engine vibration, or a 
haimomc of it, with tho natuial period of 
vibi ation of tho foundation, or a haimomc 
of it, may thus causo troublesome or oven 
dangorous disturbances m the buildings sui- 
roundmg tlie station m which tho engine is 
at work 

The balancing of mauno engines when thou 
speed was low and tho period of valuation of 
the ship’s hull high was not a pressing pioblom 
But ships grew m si/o and engines met eased 
in speed so that the natuial period of vibration 
of tho hull and tho time of revolution of tho 
engine approached synchronism and m some 
ships found it Such ships woio uncomfoit 
ablo to tiavol m Again tho vibration pio- 
clucod by unbalanced engines m destroyers and 
ci insets was so noticeable that the designed 
speed m some slaps had to bo i educed bo 
cause of tho dangeious vibration pi educed 
Tho problem of balancing the engines so 
that they could work at any reasonable speed 
without producing vibi ation thus fenced itself 
on tho attention of engineers, and solutions 
exact, approximate, or roughly approximates 
had to bo found 

Tho necessity for balancing tho moving 
parts of an ongmo arises from the manner m 
which those parts aie compelled to move 
Change of speed or change of direction of 
a moving mass requires the action of an 
external accelerating force 
The moving parts of a maehino are com- 
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polled by thou mechanical connections to 
change continuously the speed and dneclion 
oi their motion, and thoiofoio accoloiatmg 
foices aie in continuous action on them 
These fences have equal and opposite 10 
actions and these reactions ultimately appeal 
as a system of foices acting on the fiamo of 
the engine 

The system is complex and changes fiom 
instant to instant, but the ehangos aio poriodic 
Balance weights aie disposed on the moving 
paits so that, c onsidorod as a sopaiato system, 
they have a losultant action on tlio fiamo as 
no ally as piacticable equal and opposite to 
the losultant of the reactions produced by 
the motion of the parts 

A pait may be balanced in such a way 
that the loaction supplied by tho balanco 
weight is applied clnoctly to tho pait, and 
thus no force ayipeais on the fiamo at all 
so fai as that part is concerned 

A nioro detailed considoi ation of the mam 
pnnoiplos will mako the mattoi clear 

§ (2) Frame Forces and the Balancing 
oe them — The moving paits of a machine aio 
jomtod together and with the frame m such 
a way that every point m every piece is con 
sti amod to move m a dofimto path The 
con&ti ainod patli is closod and the motion of 
tho point m it is m gonoial ponodie 

Tho hist pait of tho general problem is to 
find the forces which constrain a mass to movo 
m a path defined foi it by its mochamcal con- 
nections 

The second part of tho pioblem is to find 
how these foices may bo directly oi mdnectly 
noutiahsed and so prevent thou loactions 
acting on the frame 

Lot us consider tho example of constiamocl 
motion furnished by tho crank and connecting 
xod mechanism, because the problems involved 
in the balancing of its moving paits illustrate 
l-lio gonoial principles involved m the balancing 
of any mechanism 

The ciank OA ( Fig 1) is jomtod with the 



fiamo at O Tho frame being at rest, every 
point m the crank is compelled to move m a 
ciiclo about O 

Tho reciprocating mass 0 is guided m a 
slide on the fiamo F and can move therefore 
only m a straight line 


The crank pm A is connected with the mass 
(J by a i od AC, technic ally c ailed the c onner ting 
lod 

IIowovoi the mechanism is sot in motion the 
path of ovoiy point m ovoiy link is defined 

Tho distance OA is the ciank laclius The 
distance C^Cg is tho stroke of the lociprocatmg 
mass and is equal to 20 A The end points 
C-t and 0^ aie called tho outer and inner dead 
points lospoctively 

The mechanism furnishes three separate 
pioblems for consider ation 

(1) The motion of a mass m a circular path 
at uniform speed 

(2) The motion of a mass in a stiaight path 
at vaiymg speod 

(3) The motion of a link as defined by tho 
motion of two of its points 

(i ) Motion of a Mass in. a Glide at T T mfoim 
8 feed — Let M (Fig 2) bo tho mass , R the 



ladius of the cnclo m winch the mass centre 
moves, and w the angular velocity of the mass 
about tho centre of tlio circular path 

Then it is demonstrated m dynamics that 
the foico necessary to cause tho motion acts 
at the mass centio m a direction towards tho 
centre of tlio circular path and that its magni- 
tude is equal to Mw 2 R 

If M is rockonod m pounds the force is 
expressed m absoluto units If hi is lockoned 
m gravitation units so that M = W/q, the force 
is ovpiessod m lbs -weight, W bomg the weight 
m pounds 

The force acta at right angles to tho direction 
of motion and has thoieforo no effect on tho 
speed m the path 

This force can be automatically called into 
oxistonco by connecting the mass to the 
centro of the path by a radial connector, OM 
(Fig 3) 

When the shaft is tumod the mass must 
move m a circle prescribed by the length of 
the connecting arm The necessary con- 
straining force is applied to the mass by the 
arm An equal and opfiosite force is applied 
by the ami to the frame 

The force acting on the fiamo is constant 
m amount but vanes m direction At one 
instant it tends to lift the fiame up, and next 
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it acts to push it down Placed on the pUt- 
foim of a suitable weighing-machine tlu» 
weight of the whole apparatus soon in Fiq .1 
would appear to vary above and below its 
pioper value by tho amount Mw 2 R 

Foi example, suppose tho weight of tho 
appaiatus to bo 100 pounds, of which tho mass 
at the end of tho aim, 1 5 foot radius, weighs 
10 pounds Then if tho shaft weio duvon by 
a motor mounted on tho apparatus at, say 1 
involution poi second, equal to 2r radians pel 
second, the force in pounds acting on the 
fiamo would be 18 35 lbs -weight 
The scale would thoiofoio show a weight 
varying between 118 35 pounds and 81 0(5 
pounds 

Increase the speed above that found fjom 
the relation Mw 2 R = 100, and the upward 
foice would bo suihciont to lift tho whole 
appaiatus momentarily oil tho platform Em 
example, at 5 involutions per second the force 
is 457 lbs -weight, and uncloi tho action of 
this force tho whole appaiatus would jump 
up and down on tho platform of the scale and 
produce quite a hammer blow 
This is m fact what may actually happen 
to the diivmg wheels of a locomotive if the 
revolving masses put in tho wheel to balance 
forcos in the hne of stioko aio massive enough 
and are duvon at a high speed This point is 
specifically considered m § ( 12) below 

The frame foice (Fir/ 3) may be ontnoly 
eliminated by the simple device of extending 
the radial connector as lllustiatod by dotted 
lines and socunng to it a mass equal to M 
at tho radius R Then each mass pi ovules 
the reaction to the other and tho frame is 
not called upon foi any reaction Tho aim 
with its equal pair of masRos may bo driven 
at any spoed without any tendency to produce 
vibration of the fiamo 

On the platform of a weighing - machine 
the mass could bo driven at any speed and 
no change of woiglit would ho observed, 

The tension m the connector rises and falls 
as the spoed uses and falls 
The mass M is sard to be balanced by tho 
mass m It is not necessary that the balance 
weight m should bo oqual to M, Tho added 
mass has only to loquno a constraining torce 
equal to tho constraining force required by M, 

If a mass m rs added at radius ? to balance 
a mass M at lathus R, then oquahty betwoon 
the constiammg forcos is scorned when 

Mw 2 Rk=w(oV, 

that is when MR ~mr ( t ) 

This is tho condition for the balancing of 
two masses on an arm, and m tho same 
plane 

It is customaiy to consider all masses as 
though they acted at a common radius Tho 
radius usually seloctod is tho Oeahtc Radius, 


Reduction to < tank radius n oiler fed l>\ 
equation (1) 

(u ) Motion of a Mass in a *S7 laiqht hint at 
] an/uiq A 'pm/ Consider tho icttpioudmg 
mass (' ( Fit/ I) It m ((impelled to move m 
tho straight path doimod bv tho slide bam 
Assume that the eiank turns with constant 
angular volouty Thou the problem h (o 
had what tones ate requited to piodmo tin 



motion of the mass (‘ which is defined b\ 
the umioim turning of 1 he eiank 
The gonotal method of lmdmg the ateejein 
turn of (1 js to Im tu an expression giving the 
position of tho mass m its path m ten ins of 
one independent, variable Thou diflerenlctte 
this variable twice witli icMpett to the tune 
The l cisult of the lust differentiation gives (ho 
velocity of the mass m ils path Tho result 
of the second ddlonmttation gives the mu elm a 
turn of the muss m its path Tho mass 
multiplied by the at toleration ts then the 
foice we are Hooking 

The position ol the hmhm (‘ (Fiq *() \n defined li\ 
the distance t Wlien tho crank angle ih 0 tin* value 
of i is 

« 0 « ltd' Round j Lturu/x ( 2 ) 


Eliminating <f> by means of Rw nhtum R am H 
L Hm </> and thlleicutiating twice with ngnid (o the 
time, remembonng dial the ucnlciatnm of 

the oi ank, m aHsiuntsl to lie /cm, the aeceletniMi ih 
found to ho 




w“ R | tuiB 0 | 


KM COM I U« Hill 4 0 | 
(M ««Hin ft) 1 1 


(V 


r rhc mfitauUmtums value of Hie foice ih Ran MA and 
the usiotmn on (In fiaine im MA 

Tho force is seen fiom thm expression to 
vary m a complex manner, A way of pm 
during an exactly equal anti opposite leaehon 
on the frame to balance tins is sketched m 



F%tt 5 A mass V u equal In the mmn (\ m 
made to hIkIo by a connecting rod Aj(‘ p equal 
in length to AO Eor this auangement to 
work there would be three cranks on the 
shaft tho centre one OA» and two outer ones 
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m tlie dneition OA x The mass 0 1 would 
then bo dn von by two connecting iods, 
together equal in mass to the loci AO The 
locipiooatmg masses of a,n ongmo constiuctod 
m this way would bo in poi feet balance 

In an actual engine the accoloiatmg force 
is donved fioni the fluid piossuro m the 
cylmdei The pressure on the piston has to 
X>ioduco the acceleration of the piston and 
lod and to tiansmit fence to the eiank pm 
through the connecting loci The forte there 
foie transmitted to the eiank pm is the 
difference between tho total foieo on tho 
piston due to tho steam pressure and that pait 
of tho foico which has boon employed m giving 
motion to the piston A1 toi about tho middle 
of tho stroke, ho woven, whoio tho acceleration 
changos sign, tho piossuie on the crank pm 
is gieatei than that duo to tho total fluid 
piossuie by the retarding force, which must 
bo applied to tho reciprocating masses by the 
eiank pm 

The acock i.iti on 1 can bo found giapluoally Ben- 
nett's const motion, given to tho authoi by G T 
Bonne it, I) Sc , of Emmanuel College, Cambridge, 
in 1902, is convenient foi this pm pose, and is as 
follow s 

First. (Fig 6) find a point B on tho connecting 
rod so that ABxBC=A0 3 This point is found by 



drawing a perpendicular fiom 0 to the rod when tho 
oranlc is at right angles with tho lino of stroke 
Then sot out tho mechanism with tho crank at 
an assigned angle 0 From B draw BH perpendicular 
to the lod Biom IS draw MT perpendicular to tho 
lino of stroke Eiom T draw TE poi pondicular to 
tho rod Thou EO represents the acceleration of 
tho mass 0 to the scale on which AO ropiosonts tho 
radial acceleration of tiie crank pin Tho accelera- 
tion of 0 is tliorefoie Mw a R(BO/AO) ft poi second 
por second 

Tho constiuotion is exact and gives the same 
value foi the acc delation ns that which is calculated 
from expression (3) Tho pi oof of the oonstiuction 
is found from equation (1) by eliminating (f> instead 
of 0 It is given m Dalby’s Balancing of Engines 2 
Tho expression found m (1) is mtraotablo An 
approximation of great utility m practice is found 
by putting cos$~l-(B a 2/L a ) sur 0 in tho process 
of eliminating (p fiom equation (2) The resulting 
expression for a; difloiontiatod twice then gives 
for the acceleration 

A= — w 2 R(oos 0 -f ^ eos 20) (4) 

As close an approximation to the true expression 

1 See also “ Kinematics of Machinery,” § (3) <iv ) 

2 The Balancing of Engines, W E Dalby Edward 
Arnold, London, 1906 


(}) as may he desutd can be made by expressing 
A as a Founor senes 
The gencril expression then becomes 

A= — w 2 R (cos Q -\ Ajcos 20 — B cos 40 

+0 cos GO ) 

ill which A x , B, and 0 have the following values, c 
being tho ratio R/L, 


Ax^c i 


o* 15 c 5 
4 “ f l28~ 



3c 5 

16 



See for details a papei by Mi J H Macalpme m 
Engineering, Oct 22, 1897 

(m ) The Motion of the Connecting Rod (Fig 7) 
— Tho end A, called the big end, is compelled 



to move m a circle The end C, called the 
small end, is compelled to move m a stiaight 
lino 

Tho dynamical pioblom is, assuming the 
lod to be flood fiom its connections, wliat is 
the instantaneous force winch must bo applied 
to tho rod to cause it to move the one end m 
a cncle with uniform velocity, the other end 
m a line passing through the centie of this 
circle (Fig 7) 

Tho answer to tins problem depends upon 
the mass of the rod and the way the mass 
is distnbutod, and on tho spood 

Tlioie are two impoitant mass points 
which must bo located before the solution 
can bo found Those are the mass centre 
and tho centre of percussion relative to the 
small end of the rod 

Tho mass centre is found by balancing the 
tod on a knife edge 

The centre of percussion H ( Fig 8) relative 
to tho small end is found by suspending the 
lod so that it can oscillate about the small 
end, and then adjusting a plumb bob to 
oscillate m time with it The length of the 
simple pendulum formed by the bob and its 
string is the distanco from the small end to 
tho centie of percussion required 

The following construction then gives 
the force corresponding to a given crank 
angle 
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Draw the mechanism in the configuration corre 
sponding to the given crank angle (Fig 9) 

Apply Bennett’s geometrical construction to find 
EO, the acceleration of the end C Join EA 

EA is called the acceleration image of the rod 
It has this property Regarded as the connecting 
rod on a smaller 
scale, A being the 
big end and E the 
small end, the line 
joining any point 
on it to 0 repro 
sents in magnitude 
and direction the 
acceleration of tile 
corresponding point 
on the actual rod 
Let V be the mass 
centre, and H the 
centre of percussion 
of the rod about C 
Draw Vv parallel 
to the line of stroke 
and join » to 0, 
then vO is the 
magnitude and 
direction of the 
acceleration of the 
mass centre to the scale on which AO is the 
acceleration of the crank pm A 
The magnitude of the accelerating force is then 

Mw»K^=R 

AO 

It remains to find its position 
Draw HA (Fig D) parallel to the line of stioko and 
join A to 0 Through H draw a lmo paiallel to AO 
cutting the line of stroke m J J is then a point m 
the line of action of the force But its dnection is 
given by «>0 

Therefore through J draw a line parallel to vO 
This is the line of action of the force R, which is 
competent to produce the motion of the connecting 



The force R is equivalent to an equal and parallel I 


force R acting at the mass cent i o V indacouph 1 la 
The force R at tlio mass ctnlie pmducis i lit lint ai 
motion of the lod and the ootipk R« juoduus 1h< 
angular motion of the lod about its mass eetiin 
V The combination of Hub lmeai and angulm 
motion produces tin actual mo turn 

The pi oofs of these piopositions and constnu lions 
are given m detail in Dalby’s Bttlam uig oj Fnqim , 

The next stop is to lmd the fiamo i (Motions 
Force can only bo bi ought on to the iod at 
its ends Thoie is the pull fjom the ciank 
pm and tho loaction at the shdo bam 
Neglecting f notion tho tom lion at tho slido 
bais can only bo at light angles to tho hue <>1 
stioke 

Theiofoio at 0 ( Fig 10) not up a pot pondicu 
lai to the line of stioko to moot R ptodueod 
m S Join S to A 

Then if ST xopioson^s tho foito R, tho 
component STj lopiosonts tho ioico winch 
must bo brought upon tho small out l of tho 
rod by tho slide bans, and tho component 
ST 2 tho force which must bo In ought on to 
the big end by tho oiank pm Those two 
components together produce the a< tual 
motion of tho tod 

The ciank -pm component ttansfonod to 
the crank shaft gives the couple NTj b, and 
the equal and parallel foioo MTj at ting" horn the 
frame to tho shaft 

Tho couple modifies the turning moment 
on tho crank 

Tho fiamo reactions aio shown by dotted 
lmos m tho iigmo 

Tho final result is then that tho motion 
of tho connecting iod involves foioes on the 
fiamo like those shown, t hanging m magnitude 
from instant to instant, but passing poi iodic- 
ally through the same values These forces 
tend to causo vibration of the liame 

Tho connecting rod could be balanced 
exactly by tho method abeady illustrated 
m Fig 5 With this arrangement piovidmg 
that the lods cm tho light are equal in weight 
to tho iod on the left and similar m form, the 
resultant of tho forces on tho frame consequent 
upon tho motion of the rods on the nght 
is exactly oq.ua] and opposite to tho lesultant 
of tho foic'es on tho frame consequent upon 
the acceleration of tho rod on tlm loft 
The f oi cos wax and wane and change their 
directions m exact unison, so that they 
neutralise one another ftom instant to instant, 
and the Lame itself, although under tlm stress 
produced by those foioes, is never uuder the 
action of an unbalanced force and theiofoio 
has no tendency to vibrato 
In practice it is usual to eliminate the 
effect of tho rod by tiealuiR l, he problem as 
though its mass wore divided between tlm 
crank pin and tho rocrpiocatmg masses in- 
versely as tho mass contro divides tho rod 
The sharo assignod to tho orank pm is then 
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balanced as paifc of tho loyolvmg masses, 
that assigned to tlio reciprocating masses is 
balanced with the i oupi oeating masses 

( VmHuUued as a system of two massos the 
Jjamo fences produced aio not exactly the 
same as the fiaino foices piodueod by 
the actual connecting xod, but while it is 
impossible' to balance the lod oxcopt by 
anothoj jod m tho way shown, it is possible) 
to balanio these divided masses with oulmaiy 
balance weights with sulhcient aceuiacy foi 
most practical purposes, 

§ (*l) Tins (toiKii'iruAL Coupi n — Refer - 
niig to Fig h it will be seen that the mass M 
is balanced by the mass m placed dianieti ic- 
ally opposite to it 

Let Fig 11 be the side mow of a shaft carry - 
mg a mass M at 1 culms U, and foi the moment 
suppose it to bo supported mi a pan of parallel 

M 



M, ' 



( J 

R 

By 

R y B--j 

1 — +\ b 2 

rrrssssr^ 

J 

/ 

d " ' 


11 


lvtufo edge's at B x and B a H tho balance 
weight m is (dated opposite M at radius r 
such that MR mi, but at a distance A along 
the' slant as shown m Fuj 11, and tins is 
usually noeoMsaiy ui pnutiuo, it will still be 
found" to balance M when tho shaft is at lost 
The shaft will stand m any angular position 
on the knife edges U wdl be m perfect 
static balance* If now the shaft is put m 
healings, say, at B x and Ik, its i ov elution will 
sot up Vibiations 

Although it is m slatio balance it is not 
m running balance, Tho distuibance is now 
produecul by the couple fanned by the lenotion 
of M mi tlu* slmft, giving a foree and 

by the equal and opposite reaction mir a t on 
the shaft, theme two leaeLons being separated 
by the distance tt linn couple tends to turn 
the system about an axis perpendicular to 
the piano < ontammg tho forces, 

The distant o A between the forces is called 
tlio Ahm of the couple, and tho product of 
one foree into the arm is called tho Moment 
of the couple 

The couple is called the centrifugal couple, 
because its foices are the centiifugai forces 
caused by the rotation of masses 

A couple can only be balanced by an equal 
and opposite couple acting m its piano. That 
is, the four forces of the pair of couples lie 


m one plane, and this plane contains the axis 
of tho shaft 

The moment of the centrifugal couple 
caused by the mass M and its balancing mass 
m is Mw a RA 

It may be balanced by a couple M^RjB, 
the quantities being taken so that 

M^R^MRA , (1) 

These couples must act so that they tend to 
produce rotation m opposite directions 

Tho dotted lines m Fig 11 show a balan- 
cing couple If masses, radii, and the arm B 
satisfy the equation above, and if m addition 
MjRj — iapj and MR = m? then it will be 
found that the shaft may be dnven at any 
speed and there will be no vibration 

At tho same time tho shaft will stand m 
any angulai position on the knife edges The 
masses disposed round it satisfy m fact two 
separate conditions 

They are m static balance, and they are also 
in running balance Static balance imphes 
that the mass centre of all the masses lies on 
tho axis of i evolution of the shaft 

Running balance implies that the centri- 
fugal couples of all tho masses form a system 
m equilibrium 

§ (t) The Practical Problem — The prob- 
lem of balancing an engine presents itself 
m practice in tins way An engine is designed 
tu fulfil conditions of power, speed, and 
arrangement, and the rosult is a crank shaft 
dux on from a number of cylinders Usually 
tho linos of stroke of tho cylinders are con- 
tained m one plane, and this plane contains 
tlio axis of the ciank shait If there are n 
cylinders, then tlieio aio n xnston masses, n 
(’ranks, and therefore n revolving masses, 
and also n connecting rods The accelera- 
tions ol each of those systems of n masses 
cause frame reactions 

As mentioned above, tho connecting rod 
is eliminated from tlio problem by distribut- 
ing its mass between tho revolving and the 
piston masses. 

There art' now two balancing problems 

(1) To balance tho revolving ciank shaft 


masses. 

(2) To balance tho reciprocating piston 


masses 

Both fall under one mothod of solution 
§ (5) Solution oir the Balancing Prob- 
lem *■— 1 The initial problom to be solved may 


t This solution by Professor Dalby was first pub- 
lished In 1800 It is contained In a paper entitled The 
Balancing of Engines with special reference to Marine 
Work," printed in the Transactions of the Institution of 

SaRicswrassssipa 

method to include primal y and secondary balancing, 
tho balancing of locomotives, and the treatment of 
many problems arising out of the dynamical condi- 
tions involved will bo found In The Balancing of 
Engines, by W 12 Dalby, mentioned above 


you i 
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be stated m this way Given a revolving 
shaft with a number of masses attached to 
it, find the balance weights which must be 
added to secuie static and i mining balance 
Solution — Select a plane at light angles 
bo the shaft m which it is intended to attach 
one of the balance weights This plane is 
called specifically the Reference Plane 
The reference plane may be logarded as a 
definite plane like a diawmg-boaid, kejed to 
and revolving with the shatfc 

Tiansfer each centnfugal force Mw 2 R m 
turn to this plane Each force tianstenod 
gives rise to 

(1) an equal and parallel force, Mw 2 R = F, 

acting m the plane , 

(2) a couple Fa, where a is the distance 

thiough which the toice is trails 
ferred 

The transference of one foico to tho rofci- 
ence plane is xdustiated m Fig 12 IIoio the 



rotation of the mass M produces tho contu- 
fugal foice Mn ,2 R=F on the shaft, and this 
transferred to the reference plane gives tho 
equal and parallel force F and the couple 
Fa 

For, introduce two equal and opposite 
forces F at the point 0 m the leforence plane 
Then these foices being in eqmhbiium them 
selves do not affect the equilibiium of the 
system The thioe forces, F fiom tho mass M, 
and F and - F introduced at 0, may then be 
analysed into tho equal and parallel foice F 
acting at 0 m the reference plane and tho 
couple Fa 

Draw a line OA paiallcl to fcho radius to 
M to represent the couple Fa Its length 
OA is chosen so that OA=Fa and its sense 
is marked off according to the direction m 
which the couple tends to turn the shaft 
about 0 

That is, its sense will be from 0 outwards 
m the radial direction of the mass for all 
masses on the right of the reference plane, 
and from 0 m the direction opposite to tho 
radial chrection of the mass foi all masses 
to the left of the reference plane 

Also diaw OB to represent the force 

Then every mass M i evolving with the shaft 


will give iiso to two vectors in. the loieionco 
plane, a foice voctoi like OB pointing always 
in tho ladial direction <>i tho mass, and a 
couple voctoi OA pointing m tho radial clnot*- 
tion settled as above 

The next step is to find tho resultant of 
tho couples Foi tins piuposo sot tho couple 
vectois put m any ouloi to form a polygon 
If tho polygon closes, then theio is no un- 
balanced couple 1C it does not close, tho 
voctoi icqunod to close it gives m magnitude 
sense and duoction tho couple lequnotl to 
balance the couples about 0 
The couple closure, as this him is called, 
is tho pioduc t of foui quantities, namely, w a , 
an unknown mass M noting at a convenient 
radius R lioui the shaft and m a plane at a 
convenient distance d iiom the lefoienee 
plane, and is equal to M K<u J r£ 

Select a piano at a (list mice (l fiom the icfei 
enco plane whom a. balance weight may bo 
conveniently mti < )dueoc l 
Select a lachus R at which it is con- 
venient to place the balance weight m tins 
plane 

Finally calculate the magnitude of the 
balance weight fiom tho equation 

(Jouploelosuio 
M= a - 


The angle at which the radius stands m 
relation to the other radu on the shaft is 
given by tho direction ol tho closure line in 
tho polygon 

Then add this balance weight to tho system, 
and ti ansfei it to the lofeieiu e plane as before, 
thus adding one moio force to the system 
ahoady there The couples now balance 

Then set out the loieo vectois m any order 
to foun a polygon If this fence polygon 
closes, then them is no unbalanced force If 
it docs not close, tho vector inquired to close 
it gives m magnitude sense and riimcUon the 
loice loquired to balance the foices aiding 
at 0 

Tho force elosuio is the product of three 
quantities, namely, a mass, a radius, and or 

Select a radius at which it is convenient to 
place the balance weight in tlie mJfoioneo 
plane, and then calculate its magnitude fiom 
tho equation 

,, Force closure 
Mass - - .. „ 

Rw 4 

Tho angle of the radius to the balance weight 
is given by tho direction of tho closure m the 
polygon 

w 55 , being constant for all masses, may have 
any value m woi km g on t tho solution. Tl le i o- 
fore call it unity 

Tho addition of the balance weight m tho 
lofoionco piano to balance the forces there has 
no oiicct on tho balance already produced 



ENGINES AND PRIME MOVERS, BALANCING OE 


259 


between tlio louplts Bee dime <t lone acting 
ut 0 has no moment dbout O, and can there 
foie he added or 1 emoyed without introducing 
a couple into the system 

This is the essence of the solution The 
couples aie balanced lust, and then the foicoa 
aie balanced without chstuibing the balance 
b( tween the c ouples 

It ia easily shown that if the fmees and the 
couples aio «epai«itely balanced about any 
one point along tile shaft; they aio aepaiately 
balaneed about evuy point along the shaft 
Thoioioio, after tho balance weights have 
boon found by tho method ovphnnod, and 
have boon added to tho system, it will be 
found that both tho couple and tho force 
polygons will close foi any position oi tho 
lofoionto piano along tho shaft 
Tho balance weights found an independent 
of tho position chosen foi a lofoiouco piano 
This pi open ly enables the woilv to be chocked 
Having found tho balance weights as doscubocl, 
include them m tho system, and thou select 
a lefoioiioo plane at a now place along tho 
shaft 

Ignonng tho knowledge that tho system is 
balanced, proceed to find balanto weights 
It should bo found that both force and couple 
polygon close, showing that no balance woights 
aio icqmied If the polygons do not eloso, 
thoie has been somo on ox m the ougmal 
clotoi munition ol tho balance weights This 


tnas, lcvolvcs from the reference plane in tho man ner 
indicate d m the figure 

Arrange tlio data in the way shown m Schedule 
N o 1 

Column 1 Wntc m the numbers of the planes of 
i evolution 

Column 2 Write m the distances of these planes 
from the reference plane 

Column 3 Wnte in tho values of M, the mass at 
common radius R Tins mass is equi- 
valent to the centrifugal force when 
gPR — I Tho column is therefore 
• headed Force 

Column 4 Write m the products M a calculated from 
the figures m columns 2 and 3 This 
product is equivalent to a centrifugal 
couple when wR = l The column is 
therefore headed Couple 


Schedule 1 


Nci of 
Plano 01 
JSo of 
Cianlc 

I) 1st 111a 
of Plane 
from 

Ri foi C11CC 
Plane 

rum is 

Lcjuiv iltut Ma s at 
Common 1 julius 

01 Centrifugal Tone 
wliui to ’L=l 

Couple when 
to2R=l 

No I 

a 

M 


0 

Unknown bal wt 
(14 4 pounds) 

0 

No 2 

S' 

17 

51 lbs ft 

No 3 

9' 

15 

135 „ 

No 4 

12' 

7 

84 „ 

No 5 

r 

Unknown bal wt 
(11 9 pounds) 

83= closure. 



chock on the accuracy of tho work is a valuablo 
element of the Datby Solution 
{5 ((}) I'Xamplf - -bet there ho Unco nutflflefl — 

17 pounds, M, 15 pounds, and Mj 7 pounds— 
attached at common radius R to tho shaft SS [Fig 13) 
spaced along tho shaft as shown, ami spaced angulaily 
around tho shaft as defined in tho cud view of tho 
shaft [Ftg 13j 

Tho mass centre of each mass revolves in a piano 
to which tho shaft is perpendicular 
Lot tho problem he to balance these thieo 
manats by two balance weights, tho one being 
placed m tho plane No 1 and the other in tho 
piano No 5 

Choose tho icforonco piano to omncido with tho 
piano of revolution of one of tho balance weights 
Wo may therefore choos< either plane No 1 or piano 
No 5 Li t us choose piano No 1 Then write on 
tho diawmg tho distance of each plane in which a 


Next set out the oouplo victors of column 4 in the 
Way sliowui in Fig, 14 Choosing any convenient 
scale, diaw 

A B -a 51 and parallel to radius 2 (end view, Fig 13) 
BO ■*« 135 anil parallel to radius 3 
01) -w 84 and parallel to radius 4 

DA tho closure, measuring 83, is the couple required 
to produce balance amongst tho couples 
I'lio balance weight in plane 5 is calculated from 
(Rcu*«H), 

„ , Oouplo closure 83 _ . 

“" rite* =* 7 =11 9 poundB 

The angulai position of the radius of this balance 
weight is defined in relation to the others by drawing 
radius 5 m tho end view parallel to the closure of 
tho oouplo polygon 
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This mass is now entered, in the schedule as 


indicated 

There are now four forces acting at 0 in the 



reference plane Starting from any origin, sot out 
( Fig 15) 

«5 = 17 parallel to radius 2 (end view. Fig 13) , 
5c— 13 parallel to radius 3 , 
cd~ 7 parallel to radius 4 , 
de — 11 9 parallel to radius 5 


ea, the closure measuring 14 4, is the balance weight 
at common radius required to balance the forces 
at 0 The angular 
position of the radius 
of this balance weight 
is defined in relation 
to the othcis by 
drawing radius 1 m 
the end view parallel 
to the closure of tho 
foroo polygon 
Tlieso two balance 
i weights addod to tho 
system m tho pianos 
specified, and m tho 
angular positions de- 
fined m the ond vi ow, 
produce a system of 
five masses m both 
static and m running 
balance Tho shaft 
can bo driven at any 
speed when held m a pair of bearings placed any- 
where along the shaft without producing vibration of 
the supports 

Whatever value be given to cu 3 R it will bo tho samo 
for each mass, and therefore will not make any 
difference in the balance weights found 



Force Polygon 


Tig 15 


§ (7) Deductions prom the Dorcje and 
Couple Polygons — The balance of a system 
of n revolving masses may be testod by 
selecting a reference plane at any point along 
the shaft and then following the method 
above Unless the plane has been selected 
to coincide with one of the planes m which a 
mass revolves there will be in the xeference 
plane, after the transference of the forces to 


it, n couplo voctom and n ioico vectors If 
tho masses aio in balanco the couplo vectors 
sot out m any older will Jtonn a < lowed polygon 
of n sides, and the foico vectors sot out. m 
any ordoi will fonn a closed polygon oi n 
sides Coiiespondmg sides of those two 
polygons aio paiallol, but tho latio of the 
lengths of a pan of paiallol sides is dtlloient 
for each pan Tho ratio of a pan is m fac t 
tho distance a from tho loloionto piano of 
tho mass whoso loito and couplo aio jospoet- 
lvoly lopiosontod by tho pan ol paiallol 
sides 

Tho balancing of n masses amongst thom- 
solvos is thus conditioned by those goometut al 
pioportios oi the loioe polygon and tho couple 
polygon 

If, when tho voetois aio sot out, it should 
bo found that tho fouo polygon closes, but 
tho couplo polygon (loos not dose, then tho 
masses aio m static balance, hut aio not in 
running balance Tlicio is no unbalanced 
force, but tho to is an unbalanced (ouplo 
causing loactions on tho frame, 

A fow important practical limitations can 
at once bo deduced fumi those polygons 

(а) Thioo masses earned on throw aims 
spaced along a shaft can only mutually 
balance if tho aims aio m one piano, a piano 
containing tho a\is of the shaft Soon m 
ond view tho aims would all lie in a diameter 

Dor it is only possible to draw two polygons 
of thioo sidos each, with eouospondmg sides 
parallel, and tho ratio of tho lengths of each 
paiallol pair different, if tho polygons dose 
into a lino It follows that tho arms oauyuig 
tho masses must bo in a lmo so that tho middle 
arm is at 180° with tho two outer arms 
Therefore a ciank shaft with tlnoo cranks 
at 120° cannot bo designed so that the masses 
mutually balance. If tho masses aio equal, 
tho foroo polygon closes and static balance 
is obtained But m those conditions tho 
couplo polygon cannot bo closed 
To balance tlnoo masses sot at angles with 
ouo another a fourth mass must bo addod to 
the system equivalent to a fourth wank 
The system is thou equivalent to four masses 
on four oianks 

(б) Dour masses on four aims spaced along 
a shaft can m general bo balanced amongst 
thomsolves, because a pair of polygons can 
be found m which corresponding sides aio 
parallel, and m which tho ratio of the lengths 
of each parallel pair is drfTwmt 

(r) But foui masses spaced along a shaft 
on four aims set at f)0 u with each other 
cannot bo designed to balance If the four 
masses are equal the force polygon closes and 
thoie is static balance But with the angles 
all right angles tho couple polygon cannot bo 
made to close 

Therefore a crank shaft with four cranks 
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sot at 90° with each other cannot bo designed 
so that the masses balance Balance can only 
bo obtained by adding a fifth mass to the 
system equivalent to a fifth ciank The 
system is then equivalent to five masses 
on fivo cranks, but with the condition that 
foui of the cianks aio mutually at right 
angles 

Many other useful conditions can bo deduced 
f 10 in the geometric piopeitaos of the foico and 
couple polygons 

(8) The Balancing of a Rotor — The 
lotoi of a steam tuibme is tiuly turned, and 
the bladmg is symmetrical At hist sight it 
would appear that thoio is hero no balancing 
problem, because so fai as constiuctional skill 
can go the mass conti o of each olomontaiy 
disc, of which the length may bo imagined 
to be made up, lies m the axis of lotation 

But owing to slight valuations m density, 
and m the symmotiy of the blading, the mass 
contie of each olomontaiy disc is m general 
slightly displaced fiom tho axis of rotation 
Although these displacements aio slight the 
speed at which the rotor is dnvon involves 
accoloiatmg foieosi winch aio laigo enough to 
cause vibiakon So that, aftoi all, there is a 
rotoi balancing pioblom, and a difficult one, 
because the displacements of tho mass centres 
of tho olomontaiy discs cannot bo identified 
by any method of weighing or measurement 

Tho pioblom is m fad, similar to that wlncli 
would bo piosontod to a designer asked to 
work out tho balance weights for a totally 
enclosed loupiocatmg engine, with access to 
tho pails domed All he would see of tho 
moving paits would be tho ends of the crank 
shaft pi ejecting through tho bearing at each 
ond, and all ho would know of them would 
bo that their motion pioducod vibration 

Similarly, all lie can soo m a rotor is an 
apparently tiuly turned mass, symmetrically 
bladed, and all ho knows of it is that when 
driven it produces vibiakon 

He might by imagination concoivo the, rotor 
to bo made up of: a senes of olomontaiy discs, 
but tho position of tho mass centre of each 
disc, would be hidden from him without 
possibility of diseovoiy* 

Mr King Salter, m a papoi to tho Institution 
of Naval Architects road at tho spring mooting 
of 1920, lias described an ingenious method 
of solving tho problem 

Tho rotor to bo balanced is placed m 
bearings and is driven by a motor Being 
unbalanced it pioducos a reaction on each 
bearing. Those roackons are separately 
measured m tho horizontal direction Let 
R x and R a be the respective maximum reac- 
tions moasuiod m the apjiaiatus when the 
rotor is dnvon at oj revolutions per second 
Then oaeh reaction may bo regarded as pro- 
duced by a mass M attached to the rotor at 


radius ? So that the maximum horizontal 
reaction at each bearing is expressed by 

R^Mpo^, (!) 

R 2 =M 2 w 2 r,, (2) 


from which 


M x = 


M 0 = 


Ro 


( 3 ) 


( 4 ) 


M x and M a can be calculated from (3) and (4) 
because to 2 is observed, and ? may be put equal 
to unity oi to any convenient constant length 
The next part of the problem is to find the 
angular position of the radii r x and r 2 This is 
done by the apparatus desenbed m the paper 
The rotor, with its hidden system of un- 
balanced masses, may now be leplaced by 
a shaft with two known masses attache 1 to 



it at known angular spacing as illustrated m 
Fig 17 Fig 16 shows the rotor and the 
centre lme of the bearings at which the 
reactions are measuiecL Fig 17 shows the 
equivalent unbalanced system of two masses 
as determined m Mr King Salter’s apparatus 

The two planes m which balancing masses 
are to be placed are now fixed upon One 
is chosen as a refeience plane, and then the 
solution of § (5) is applied to find the actual 
magnitude and position of the balancing 
masses to be placed m the two respective 
planes The arrangement is shown m Fig 18 

The usual shop method of balancing a rotor is to 
place it on a pair of level and parallel knife edges 
and then add balance weights until it will stand in 
any angular position on these knife edges This pro- 
cess ensures static balance but not running balance 
The unknown unbalanced couple cannot be esti- 
mated from experiments on parallel knife edges. 
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and in practice the proper distribution of balancing 
masses to secuie lunnmg balance is done by tinl 
and eiroi After static balance is seemed the rotor 
is dm en up to speed, and if the couple is sufficient 
to produce disturbance the weights added to secure 
static balance are distributed so that the running 
balance is improved without mterf ciing with the 
static balance Considerable experience is required 
to get this done satisfactorily It is advisable to 
test the balance of a turbine rotor in steam so that 
the rotor and its blades have expanded to the 
positions they occupy at the normal running tom 
perature 

A full description of Mr King Salter’s apparatus 
will be found m the paper cited above Briefly it 
consists of a substantial bed with a bearing at 
each end Each bearing can slide horizontally 
through a limited distance, but is prevented from 
doing so by a spring screwed up against it When 
a trial of a rotor is being made the spring is com 
pressed against the bearing so that it just prevents 
it moving The strength of the spring is known, 
so that the maximum force acting horizontally on 
the bearing in the direction of motion can be observed 

On each end of the rotor is placed a spidci or 
flange, carrying on its periphery a number of radial 
spokes like the spokes on a steering wheel, but with 
this difference, that they are free to slide inwards 
radially, but once pushed in they cannot come back, 
being held by a spring When these spiders have 
been keyed on the end of the lotor, all spokes out 
to the limit allowed, the rotor is driven at the 
testing speed by an independent motor, and this 
motor is then disconnected The bearings are then 
slightly relieved so that the rotor can move lion- 
zontally under the imbalanced forces A kind of 
brake shoe is then giadually approached to the 
spokes and pushed on to them until the ends are 
running m a circle The rotor is tlien brought to 
rest, and an examination of the spokes shows the 
particular radius corresponding to the maximum 
horizontal displacement, and therefore to the 
maximum value of the force on the corresponding 
bearing 

The displacement of the mass centre of a 
zotor and the angular position of the plane 
containing the mass centre and the axis of 
the rotor can be found by direct weighing m 
the Martin rotor balancing apparatus The 
method and the apparatus are described in 
Engineering, December 31, 1920 By the 
aid of this appaiatus a static balance of 
great accuracy can be obtained For many 
rotors static balance may be sufficient, as for 
the thm disc -like rotors of gyrostats If the 
static balancing of a rotor is found to bo in- 
sufficient, its dynamical balance can be tested 
and secured by the aid of Mr King Salter’s 
apparatus 

§ (9) Four Misses Special Construction 
--Four masses may be set together in mutual 
balance m an infinite variety of ways For 
an infinite number of pans of four-sided force 
and couple polygons can be drawn at random 
to satisfy the geometrical conditions mentioned 


Thoie is a simple const! notion, due to 
Dr Schubert, and published by the I lambing 
Mathematical Society, 1898, which gives the 
spacing along the shaft, the angulai positions, 
and the massos foi mutual balance amongst 
four massos 

Let the spacing of the cianks along the 
shaft SS he given as indicated m Fig 19 
Choose any polo 0 Join points 1 , 2, 3, 4, 
with this pole 

Take any point A on 01, and tliiough it draw 
a line AB parallel to the shaft SS, and a lino 
AC parallel to the lino 03 

Through B diaw a lino BO miallol to the 
lino 02 

Then OACB is tho foico polygon eoi append- 
ing to tho position of tho polo () and tho crank 
spacing given 

Tins force polygon defines bv tho lengths 


O 



of its sides tho lolativo magnitudes of tho 
masses, and by tho directions of its sides the 
positions of the cianks 
Thus m tho end view diaw crank Set parallel 
to tho side OA , S6 parallel to tho side AO , 
S6 parallel to tho side OB, and So parallel to 
the side BO 

If now the system bo tested it will bo found 
that tho couple polygon is closed The proof 
of this will bo found m Dalby’s Minting 
of Engines, 2nd odition, 1900, p fi() 

l ho construction may bo vaned m many 
vvays For oxample, the angular position of 
tho cranks m end view may be drawn at 
random Then select any polo 0 and draw 
linos radiating from it parallel to the (‘rank 
directions Them diaw across the lays a 
lino SS, and the intersections define* the spacing 
along tho shaft 

Then draw a lino as AB parallel to the lmo 
SS and finish the force polygon The sides 
then denno tho magnitude of tho masses 
§(10) The Balancing of RKrrimoaATrNo 
Masses —Wo have now to consider the 
balancing of tho reciprocating masses of a 
multi-cylinder ongmo of tho type whom tho 
contio lines of tho cylinders ho m a plane con- 
taining the axis of tho crank shaft 
In the marmo typo tho piano is vortical 
In tho ordinary land typo tho piano is usually 
horizontal, though often vertical In tho 
I * engine the piano is inchnod, and thoro aro 
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Uvo systems of pails to bo separately balanced, 
one set in each inclined piano 
The fi vino reaction caused by the loupio 
cation of a mass M by a ciank tinning with 
umfonn \olocity is given by equation (3), § (2) 
A way of pjoduung an exact equal and 
opposite loaclion on the fxamo is described 
and illustiatod m Fiq 5 
Tins oonskiK toon is, liowovoi, excluded fiom 
the problem befoio us 

An oxpiession giving values close to the 
values fiom (1), and donvod fiom equation 

(«.k(3).w R2 

F = M 3 R cos 0 lM(2*) a ^ cos 2d (1) 

The hist toim of tins oxpiession is the pro- 
jection on tho line of stioko of the contiifugal 
foico due to the i citation of the mass M at 
radius R and at speed to 
Tho second torm is the projection on the lino 
of stioko of the contnlugal foicc due to the 
rotation of a mass M at ladrns R 2 /4L and at 
speed 2gi 

Tho gieatoi the length of tho eonnocting 
rod m relation to tho crank radius tho smalloi 
tho second teim 

In tho limit, when tho lod is infinitely long, 
tho second loan vanishes Tho crank and 
slotted bai mechanism paitly realises this con- 
dition Tho ratio of loci to ciank is often laige 
enough to make this second term negligibly 
small In loeomotivos tho ratio of lod to ciank 
may bo 7 to 3 , and oven more But in some 
lands of manne engines it may bo only 3 \ to I 
Tho second term then becomos important 
'When the second loim is ignoiod in the 
balancing tho engine is said to bo balanced for 
Pm MARY Forges and Primary Couples only 
If, liowovoi, tho second toim is included 
m the problem, tho engine is said to be 
balanced for Primary and Secondary 
Forces and Couples 

(i) Pnmuy Bahming -—Since the teim 
Mw a R cos 0 is tho projection on the lmo of 
stioko of tho centrifugal force pioducod by 
tho rotation of a mass M, the conditions of 
piunaiy balance amongst n rocipiocatmg 
masses aro tho same as those for n revolving 
masses, and may bo investigated by assuming 
that each mass is attached to its own crank 
pm, so that tho n rocipiocatmg masses are 
replaced by n revolving masses Eoi if a 
polygon is closed, then tho projections of tho 
aidos on any lmo aio algobi aically equal to 
zoio, In other words, if tho conditions of 
balance for tho rovolvmg masses aie satisfied, 
so too aro the conditions for tho equivalent 
reciprocating masses Tho Dalby Solution of 
tj (5) may then bo applied without change to 
fmd tho balance weights of the substituted 
revolving system, and the balance weights 
found reciprocated m tho cylinder plane will 
balanoe the reciprocating masses 


The example of t* (6) nmy be restated thus The 
reciprocating masses of a three ejlmda vertical 
engine weigh respectively M, = 17 pounds, M 3 = 15 
pounds, = 7 pounds These masses are iccipro 
cited by cianks spaced along and around the crank 
shaft, as defined by Fig 13 Find the reciprocating 
balance weights The answer is (see Schedule 1), 
14 4 pounds recipiocated by crank No 1, 119 
pounds recipiocated by crank No 5 , the lines of 
leoiprocation lying m the plane containing the centre 
lines of the cylmdcis 

Tho masses maj be designed as lumps of metal 
recipiocated in properly lubricated guides on the 
engine frame They would then be called Bon 
Weights 1 The engine would be described as a 
thiee cjlmdei engine m which the recipiocatmg 
masses, that is the piston masses, weie balanced by 
a pair of bob weights 

Each balance w r eiglit may, however, be designed 
into a set of piston masses and added complete with 
cylinder and valve geai to the engine Then the 
engine would he described as a fne cylinder engine 
with the piston masses m balance amongst them 
selves 

The problom of balancing an engine, as 
stated m § (4), involves tho separate solution of 
two problems Fust find the reciprocating 
balance weights, and add them to the engine 
either as bob weights or as pistons Secondly, 
find tho balance weights for the revolving 
system of tho crank shaft and add them to 
the ciank shaft 

Each of these problems is separately solved 
by the application of the method given m § f5) 

The deductions of § (7) apply equally to 
systoms of reciprocating masses It follows 
that the fewest number of cylinders m which 
the pistons may be set in mutual balance is four 

Much has been written about the balancmg 
of foui -cylinder engines - In piactice, however, 
even for pnmaiy balancing, the valve gear must 
often bo included to get the best results In 
particular a four -cylinder torpedo boat engine 
becomes with its valve gear a pioblem m 
balancing twelve lines of parts There are 
some subsidiaiy problems involved m the 
complete solution, foi which see the worked- 
oui example m Dalby’ s Balancing of Engines 

(u ) Secondary Balancing — Since the second 
term of equation (1) above gives a force which 
is the projection on the line of stroke of a mass 
M revolving at twice the speed of the mam 
ciank at radius R 2 /4L, the condition that the 
secondary forces shall balance is thqt the 
corresponding force and conple polygons shall 
close A schedule is made, as illustrated m 
Schedule 1, and the work is earned out as m 
§ (5), but with this difference the end view 
of the shaft must now show all the crank 
angles doubled 

Balancing to satisfy the conditions of equa- 
tion (1) is therefore conditioned by the closing 
of four polygons, namely, a primary force 

1 " On the Balancing of Marine Engines,” Sir 
Alfred Yarrow, Trans Inst Naval Architects , 1892 
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polygon, a primary couple polygon, a secondary 
force polygon, and a secondary couple polygon 
Given an engine, there is no difficulty m 
applying § (5) to test the primary and secondaiy 
balance, but it is more convenient to deduce 
the related conditions analytically 

The following method affords a solution 1 

The direction of a crank measured from a fixed 
line is defined by the expression Vi+iyp where 
^ — is measured along the fixed direction 

is measured at right angles to it Also x-f + // x “ = 1 
The direction of a crank corresponding to this, 
starting m coincidence along the fixed direction 
and revolving twice as fast, is given by 

Xi~~Vi +^Vi x i 

If Mj is the mass at radius E a the coirospondmg 
force and couple vectois are 

Primary force — 

(2) 

Primary couple — 

Ki(% +iiji)a u (3) 

Secondary foice — 

MjCO^Ej 2 . , o ~ « i j \ 

— (4) 

Secondary couple — 

)o» < s > 

Fig 20 shows the relations of these quantities for 
one mass M a 



Tor every reciprocating mass there is a set of 
terms correspondmg to these four expressions The 
condition that the masses may balance is expressed 
by the eight simultaneous equations 

Primary forces vanish — 

( MjJKi - f* MnSJo “b -f)=0 

+ +H0 

Primary couples vanish — 

+ + )=^0 

(Miyicq +M 3 y_a 2 + + ) =* o 

Secondary forces vanish — 

(M 1 (s l a -y/)+M a (a;/--y/)4 +)«0 

(M x ^ l2 y x +M 2 xjj n + +)=0 

Secondary couples vanish — 

+ -f)=0 

+ +)«0 


1 Dalby, “On the Balancing of the Eedprocatir 
Parts of Engines, including the Effect of the Connec 
Transactions oj the Institution of Nav < 
Architects, 1901 


With the gene ial relation a 2 | y 2 - l foi nil fsnnd 
i/& with the s ime subscnpt 

Each of these eight equations lias one ieini foi 
each recipioc itmg mass 

It is not posHibh lo find a solution of any piac boat 
value with fevu than 5 lines of parts, th it in, with 
5 terms m eich line The engine could bo built 
either as a live oylmdoi engine oi n (hioo cyhiuloi 
engine with a pan of bob weights 

Tlio exploration of the possibilities of balance 
with engines of diikiont numbeis of cranks will lx 
found m the book cited above 

§ (11) Tina Y arrow SniLirrc Tvviii-un 
Marine Engine — Thin is a foui - eyhndoi 
engine with ic eipioaitmg pints balanced 
amongst themselves foi pimmiy foil oh and 
prnnai y couples 

Latei a foui cyhndoi Rvmmeti ically <u hinged 
engine with the leoipiocatmg paitH balanced 
amongst themselves for pi imaiy and hoi cmdai y 
forces and foi pumaiy couples wan used, and 
tho method of getting this balance waw 
dosenbed m a paper at the Naval \iolu(.ootH 
m 1900 by Schliek 

Although tho eight fundamental equations 
of the pic ceding section cannot bo simul- 
taneously satisfied foi an engine giving only 
foui teims m each equation, yet it im poHHtble 
to satisfy the fust six of them with foui teims 
per equation Tims a four crank engine can 
bo set to satisfy the fust six equations, and thus 
it can be designed loi pi unary and sctondniy 
balance of tho reciprocating foioes and pumai y 
balance of tho couples, but the secondaiy 
couples must remain unbalanced 


The symmetrical engine is indicated m Fig 21 
A leferenco piano is taken at the con tie of tho shaft 
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and tho oranks arc flpaoocl so that « t Tho 

angle 10 J is made equal to tho angle 20-1, and tho 

mass M x is taken equal to tho mass M ,* With these 
assumptions tho first six equations give 

Mj«M) and a 8 » — « ;t , 

and further 

, ( 1 ) 

ah 2 -- PI n/PH Q a , (2) 

wheie and 

8a/ 4a/ 


and 


M a 

2M l 




(3) 


When the spaemgs a x and a 4 aro given, v x is oalonlatod 
from (2), and then x t fiom (1), and tho ratio of tho 
reciprocating masses from (3), 
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The solution of the first si\ equations with foui 
terms pei equation is not limited to the symmetrical 
engine 

The o\piessions for unsymmetiical engines aio 
complicated The gencial solution is given by 
Loren/ in Dynamik cler Kuibelgclnchc (Leipzig, 1001), 
and JPiofe&soi Ingles, m a paper punted in the Tt ansae 
tion<i of the Institution of Naval AicJntects, gives curvt s 
from which the giaplucal solution can bo found for 
the propoi given conditions 
It will be remembered that m the special con 
stmcti on given in § (0) foi the foui ciank engino the 
pok 0 can bo olioson at landoin The qu ratifies then 
satisfy the fust four of the eight equations Thuo 
is one position of the pole and one only which yields 
lcsults whioh satisfy the hi st si\ equations Mollliek, 
m the papoi mentioned above, gives a gcomotiioal 
cons! motion for finding this position for the sym- 
metucal engine See also study oi the problem by 
G T Bennett in a paper entitled “ The Balancing 
of the Pom Crank Engine, ” read before tho filter 
national Congress of Mathematicians at Cambridge, 
August 1912, also a paper by Piofcssor Inglis, 
Trans hist Naval Arch , 1011, Part I 

Tho act tmg of the four mam cianks denvod 
fiom those six equations and the icsultmg 
four reciprocating masses pioduce balance 
only amongst themselves Tho valve geai 
with its heavy icciprocatmg valves has 
leeeived no conaidciation In piactioe tho 
valve gear must bo bi ought into tho pioblom 
to sccuio the best results A compiomiso 
can bo made which results m peifeet pninaiy 
balance for forces and couples of all tho 
recipiocatmg paits, including the pistons and 
tho valvos, whilst the condition foi seeondaiy 
balance of the foices is noaily satishod 
§ (12) The Balancing op Locomotives 1 — 
Each coupling lod is imagined to bo leplaced 
by masses concontiatod at tho crank pms 
The pms share tho mass of a lod m the pio- 
portion m which they shaio its weight Then 
by § (5) may bo found the angular positions 
and tho masses at ciank ladius to balance < 
the i evolving masses of each axle A balance 
weight is usually cast with tho wheel and 
is often shaped in tho foim of a descent 
Lot m be the mass of tho descent shaped 
balance weight, excluding tho mass of tho 
spokes passing through it, and lot r bo the 
radius of the mass centre, then by trial and 
error values of m and r must bo found such 
that mr==MB, where M is tho balancing 
mass at crank ladius B 
The iceipiocatmg masses arc usually 
balanced by revolving masses placed m tho 
driving wheels Those aro combined with 
tho masses roquned to balance tho l evolving 
parts, so that the balance weight soon m a 
driving wheel is the resultant of two balance 
weights, namoly, one to balance tho revolving 
masses, the other to balance tho reciprocating 
masses. The balance weights added to balanco 
the reciprocating masses are themselves un- 
1 “ Steam Engine, Reciprocating,” § (8) 


balanced m the vertical deletion and so 
pioduce a varying passim on tho rails Let 
W bo the static load on a driving wheel, that 
is, the load measured on a weigh budge, and lot 
m bo tho levolvmg mass at radius i addi cl to 
balanco tho iocrp locating mosses, thou tho 
static load is alternately mo eased and 
diminished pei revolution by tho amount 
mohjq pounds Omega is hero tho angular 
velocity of tho wheel in ladians poi second 
It is moie convenient to express tho angular 
velocity m terms of tho speed of tho ongiiK 
Lot "V be tho speed of tho engino m miles per 
hour, and 1) tho diameter ol the wheel in feet, 
then tho maximum and minimum load on 
the lail can bo calculated from 

0 00012m/ V\ 

W I • .... tons 

l ) 2 

An avoiago typo of coupled engine would 
have W = 7i tons on tho driving wheel, and 
if tho leeipioeatmg paits woio fully balanced 
tho second teirn may leaeli the value of I tons 
at 00 miles poi hour even on a wheel as huge 
as 7 foot diameter 

Tho xail load would then vary between 121 
tons and tons poi revolution Tins would 
be destructive to tho permanent way, especially 
to tho cross giuleis at budges, but tho tractive 
pull would bo even It is better limn the 
permanent way point of view to leave the 
loeipioeatmg masses unbalanced. But if 
this is done tho 4 tons variation appears m 
tho tiackvo pull In practice a compromise 
is made and it is usual to balance only a , of 
tho reciprocating masses, leaving \ to vary 
the ti active pull and throwing tho effect of 
$ on the permanent way. 

Having decided what proportion of tho 
reciprocating masses is to ho balanced, pro- 
portionate masses are supposed < oneontratod 
on then lospoetive crank pms And since 
tho balain e weights aie going to bo added, 
not as imprecating masses but as i evolving 
masses, those masses can be included m tho 
schedule of the icvolviug masses, and § (r>) 
applied to hud straight away tho resultant 
balance weights for the driving axle. 

When the driving wheel is small there may 
bo clifheulty m designing a suitable balanco 
weight for it Tho revolving balanco weight 
addod to balanco tho leeipi creating masses 
may then be distributed between tho coupled 
wheels equally or m any proportion thought 
suitable Tho balanco weight then seen m 
any one of the coupled wheels is tho resultant 
of tho balanco weight required to balanco its 
rovolvmg masses, and the balance weight 
required to balance the proportion of tho 
rocipiocaimg mass transferred to it 

This distribution of tho balance weight 
requnod to balance tho reciprocating masses 
also distributes the hammer blow, as tho 
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variation of tail load is called For example, 
the hammer blow of 4 tons under the driving 
wheel may be distributed to give 1 3 ton 
under each of three coupled wheels 
The recipiocatmg masses of a four cylmdei 
locomotive may be balanced amongst them- 
selves, as explained m § (10) The possibility 
is not, however, taken advantage of because 
the cranks are generally arranged m two 
180° pairs at right angles 
It has been pointed out m § (7) (c) that this 
is the one angular sparing at winch mutual 
balance is impossible If the recipiocatmg 
masses are equal there is balance foi the 
forces but tire couple is unbalanced This 
means that the reciprocating masses produced 
no variation of the tiactive puli, neithex is 
there any vanation of lail piessute, so that 
there is no hammer blow But the unbalanced 
couple acts on the engine to make it sway 
laterally This swaymg can be corrected by 
the addition of revolving masses in the driving 
wheel, but these masses, although without effect 
on the tractive pull, mtioduce a hammer blow 
If the angles and masses weie designed to 
secure balance there would be no vanation 
of tractive pull, no hammer blow, and no 
swaymg couple Four «ets of valve gear 
would be required as against the two sets 
with which the four-cylinder locomotive is 
usually operated 

§ (13) The Balancing oe Internal Com- 
bustion Engines — The petrol engine, 1 which 
before the war was used mainly to drive 
motor cars, has been developed during the 
war into a powerful prime mover for aircraft 
Dynamically aircraft engines can be dis- 
tinguished into three types 

Type A An engine with its cylinders ranged 
m a line along the crank shaft so 
that the cylinder centre hues and 
the crank shaft axis he m a plane 
Type B The V engme formed by placing 
engines of type A to drive a 
common ciank shaft and arranged 
about it so that the planes con- 
taining the centre lines of their 1 
cylinders mtersect in the axis of ] 
the common crank shaft Thus ] 
two four-cylinder engines of type A 
become an eight-cylinder V engme > 
driving 9 four-crank shaft Three 1 
four-cylinder engines of type A * 
become a double V engine of 1 
twelve cylinders drivmg a four- £ 
crank shaft £ 

Type C The radial engme m which the £ 
cylinder centre lines radiate from c 
the centre of the crank shaft ® 
and all lie in a plane perpendicular I 
to the axis of the crank shaft "S 


Internal combustion engines used m sub 
marines, m factories, and in motor eais belong 
as a nile to class A 

The balancing of engines of type A has 
been considered m sections (5), ((>^ tin( ] (7^ 
and fiom the icsulta theie given deductions 
can be drawn foi a few auangonients found 
m internal combustion engines, but no {, yt q 
I specifically considered 

The four-ciank engine of type A with equal 
icciprocatmg masses and With eianks scl, 
the middle pan paiallel and tho outer pan 
paiallel and at 180° with tho middle pan, 
and with tho cranks symmetrically pitched 
along tho ciank shaft, is tho unual a 11 align- 
ment found m a foin -ciank motoi oai engine 
With these conditions the reciprocating 
masses aie balanced foi pinuaiy foues, for 
primary, secondary, and all higher 01 dels of 
couples, but are unbalanced foi second.! ly 
foices 

The unbalanced secondaiy foico may bo 
shown to bo 

4MwV 

— T — cos 20 lbs -wt 

acting vertically at tho eentie of tho crank 
shaft 


A? 1 ff Petrol Engine, the Water-cooled 11 
craft Engines/’ Vol IV. 


M is the mass m pounds of one sot of locipio- 
catmg paits, r m tho ciank ladiiin m hot, h 
is the length of the connecting iod m feet, 
and w is the angular velocity m radians 
pei second Jins icduces to voiy nearly 
(oMhi'-r'Y L) cos 20, using foi y f 32 2 1 evolu- 

tions pei second 

An eight-eylmdei V engine funned by setting 
two foiu -cylinder engines of tho abovo kmd 
together at an angle of <M)° is theiefoio 
balanced for primary foices, foi primary and 
secondary and all highoi culms of couples, 
but is unbalanced lor secondary lorces 

The unbalanced secondaiy fence is tho 
lesultant of tho unbalanced secondaiy foico 
fiom each of the foui cylinder engines This 
has just been shown to have the value 
(5Ma 2 r 2 /L) cos 20 

Combining those together it will bo found 
that tho magnitude of the resultant is voiy 
nearly (7Ma 2 / 2 /L) cos 20, and that this alter- 
nating force acts horizontally 

The b-oylindci engine of type A with equal 
recipiocatmg masses and tranks set, tho 
inner pair parallel, the next pair parallel 
and at 120° with tho mnoi pair, and the outer 
pair parallel and at 210° with tho inner pan, 
and with tho pans symmetrically pitched 
along the ciank shait, is balanced lor pi unary 
and secondary forces and higher oideis, ex- 
cluding oidois divisible by 3 , and for primary 
and secondary and all higher 01 clot h of couplets 
Practically it is a perfectly balanced engine 
V engines made up of mx-cylmdoi engines of 
this land are thereto! o m almost perfect 
balance. 
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Tiie ladial engine, type C, an equi- 
anguhu a cvUntiu radial engine with the 
connecting mils c oupled to one ciank pin 
and with joupioeatmg masses poi cylinder 
equal to M pounds, is balanced foi prmiaiy 
reeipux atmg foices by a balance weight m 
opposite the ciank pm calculated fiom 

in pounds at tiank ladius 

This is valid foi all values of n except 1 and 2 
[f further Mj at ciank zadius is the oquiva- 
lent of the unbalanced i evolving jmits duo to 
the ciank aim, ciank pm, and the n equal 
i evolving pattB of the connecting lods, the 
actual balance weight to be added at ciank 
ladniH diametiu ally opposite the ciank pm 
to balance the icupioiaiing paits and the 
icvolvmg paits is ?in II x pounds 

It is showu below that when the number of 
eylmdois exceeds tluoe, the secondary foices 
along the respective lines of stroke mutually 
balance 

If tlieie aio tluoe cylmcleis, mutually at 
120°, tlioio ih an unbalanced bocondaiy force 
equivalent to that caused by a mass weighing 
11 Mj 2 /L pounds concentiaLcd at the crank 
pm of a ciank of ladius ? and i evolving twice 
avS fast as the main ciank, but m the opposite 
diiootiun 

Those statements are proved as follows 
Let /i 1)0 the angle between adjacent linos 
of stioko so that =27 rjn Reckoning the 

ciank angle always m tlio positive direction 
fiom any one of the n lines of stroke m tlio 


Y 



engine, it will be seen from Fig 22 that the 
crank angle reckoned from the Mh lmo of 
stroke is 0 + (k - t)p. 

The force along the A:th lmo of stroke is 
therefore 

E~A cos {0*\ (k~l)p\ -i B cos 2 [0-Y(l~\)p} 
Mo )V a 

and B =? 


The simultaneous values of the force along 
each lmo of stroke is found fiom this equation 
by substituting m succession A, = l, 1 = 2, to 
A =n 

To find the resultant force on the frame, 
each of the forces is resolved into components 
along mutually perpendicular fixed axes and 
then resultant is determined The statements 
made above are easily seen to follow 

Tlieso results only apply strictly when the 
connecting rods are coupled directly to the 
crank pm If they are coupled through a 
floating big end, articulated as it is called, 
then the expression A cos 6 + B cos 26 ’no 
longer gives the accelerating force in the line 
of stroke with accuracy 

"Wliatevei be the mechanical arrangement, 
however, if the engine is balanced the mass 
centre of all the moving parts remains at 
lest during the motion Particular arrange- 
ments can theiefore be examined from tins 
point of view 

In conclusion a point may be mentioned 
which is of importance m internal combustion 
engines The driving torque on the crank 
shaft is necessarily accompanied by an equal 
and opposite reaction on the frame If the 
drivrng torque varres periodrcally it tends to 
set the frame m torsional oscillation This 
is minimised by increasing the number of 
cylinders and arranging the sequence of firing 
so that the torque curve shall be as uniform 
as possible The eight-cylinder engine of type 
A gives a torque curve of least variation 
The six -cylinder comes next The four-cylinder 
has a large variation pei revolution 

The addition of a flywheel, although control- 
ling the vanation of speed consequent upon 
torque variation, has no effect on the torsional 
reaction on the frame That must follow 
eveiy variation of the torque exerted by the 
crank shaft whethei against a resistance or 
a losistance plus a flywheel Theie is no 
difficulty m secuung practical uniformity of 
toique m a steam engine 1 wed 

ENGINES, THERMODYNAMICS OF 
INTERNAL COMBUSTION 

§ (1) — In all fluids the pressure, volume, 
and temperature are so related that if any 
two of these he known the value of the 
third is determined We may thus take as 
! oui independent variables the piessure and 
! volume, or the pressure and temperature, or 
! the volume and temperature In considering 
the thermodynamics of internal combustion 
i engines it is m general found most convenient 
I m diagrams to take the pressure and volume 
as the independent variables 

» " A Comparison of Five Types of Engines,” etc , 
W E. Dalby, Trans Inst Nav Arch , 1902 
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§ (2) Cvcles of Operations — When a 
definite quantity of any substance is subjected 
to a senes of operations such that it returns 
finally to its initial condition m all respects, 
such a senes is termed a “ Cycle of Operations 55 
Carnot’s conception of a cycle of operations 
as a convenient means of considenng quanti- 
tatively the changes undergone by the working 
substance of an ideal heat engine has proved 
invaluable m the development of Hie modern 
science of thermodynamics , its special merit 
is that as the working substance returns 
exactly to its initial state at the end of the 
cycle, so also does its internal energy, and 
hence we avoid the problem of discussing the 
measure of the change of energy of the 
working substance from its initial to its final 
state 

In considering the performance of internal 
combustion engines it is found convenient to 
divide cycles of operation into two classes, 
viz (a) perfect cycles, and (b) imperfect cycles 
A cycle is sard to be perfect when it is of 
maximum efficiency for the temperature range 
within which the engine voiks 
A perfect cycle is reversible, ? e if the engine 
be worked backwards the heat transferences 
at each stage are exactly reversed 
A cycle is said to be imperfect when its 
efficiency is necessarily less than that of a 
perfect cycle for the same temperature range 
All the cycles of operation employed m 
actual internal combustion engines are im- 
perfect in this sense , owing to the nature of 
the operations performed, their maximum 
efficiency is in every case necessarily less than 
the conceivable maximum for the range ol 
temperature involved , the reasons for this 
are fully discussed later 
§ (3) Isothermal and Adiabatic Changes 1 
—When the supply of heat to a substance 
is so regulated that its simultaneous changes 
of pressure and volume take place without 
change of temperature, the changes are termed 
isothermal 

When simultaneous changes of pressure and 
volume take place m a substance completely 
heat-msulated from all external bodies, so 
that there can be neither loss noi gam of heat, 
the changes are said to be adiabatic Expan- 
sion takes place, m general, against some 
external resistance (as, eg, that otoed by 
atmospheric pressure, or a loaded piston), 
and hence mechanical work must be done by 
the expanding substance m order to overcome 
this external resistance Anticipating the 
first law of thermodynamics, it is evident 
that if heat be supplied to the expanding 
substance some, at least, of this will be 
expended m the external work of expansion 
On the other hand, if no heat be supplied to 
the expanding substance, the heat-equivalent 
1 See also ** Thermodynamics,” §§ ( 15 ), ( 10 ) 


of the external voik done must bo supplied 
fiorn tho store of energy ol the substance 
itself (termed its internal energy), and its 
temperature will, in consequence, hill as the 
expansion proceeds Clearly, thou, on a 
pressure- volume diagram a curve indicating 
adiabatic changes from any initial condition 
is always steeper than a curve indicating 
isothermal changes from tho Hame initial 
condition 

§ (4) The Two Laws of Titfumodi nuiigs 
(i ) The Fust Law — Tho hist law asserts 
that heat is a lorm of energy, when heat is 
converted into mechanical work, or rue mm, 
the quantity of mechanical work done is 
simply proportional to Lho quantity ot heat 
convei ted 

Tho British Thermal Unit (15 Th IT) is the 
quantity of heat that will raise 1 lb ol water 
at, or near, its temperature of maximum 
density, thiough 1° E This quantity of Ju»at 
if wholly converted into mechanical energy 
will pci form 778 ft -lbs of work Tins, the 
“ mechanical equivalent ” oi heat, im usually 
styled “Joule’s equivalent” and denoted 
by tlie symbol J T£ tiro centigrade scale of 
temperatures bo usod the valuer of the 
mechanical equivalent, then styled tho 
C Th U , becomes approximately MOO ft lbs 
(See “Heat, Mechanic il Equivalent ol,” (9) ) 

(ii ) The Second Law— -Tim puts on record 
oui experience that heat, unaided, ih unable 
to pass fiom one body to another at a higher 
tempeiaiuie Clausius’ enunciation of this 
law is as follows “ Et is impossible lor a 
self-acting machine, unaided by any external 
agency, to convoy heat from one body to 
another at a higher lomporaturo ” (Hoe 
“ Thermodynamics,” (1) ) 

§(5) Carnot’s Ideal Cycle- -T he cycle 
imagined by Camot comprises two isotherms 
and two adia- 
batics During 
the Hist opera- 
tion tho work- 
ing substance — 
which may bo 
any whatever — 
is caused to ex- 
pand lsothorm- 
ally from 1 to 2 
at a tempera- 
ture T (Fig, 1), 
leceivmg dunng 
this operation a 


Tha Carnot Cy< lo 
Any Workhip hi tut tm e 



quantity of heat winch may be denoted by II 
At some point 2 tho heat supply ceases," and 
the expansion continues acliabationlly until a 
point 3 is leached At 3 tho third operation 
commences, viz that of isothermal compression 
at some lower temperature t, to a point 4, 
such that on further compressing adiahatrcally 
from 4, the point I is again rcaohod ; during 
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the isoihoim.il < (impression H a quantity of 
lus.it, h , is abstracted liom the woi king 
substance Dining tlie laothoi trial and adia- 
batic expansions 112 and 2d, mechanical woik 
14 done hi/ the substance, moasuicd by the 
at ous 1 22' 1 ' L and 233 '2 '2 lespeotively T)ui mg 
the isothermal <iud adiabatic compressions 
3i and 11, mechanical work is clone on the 
substance, rmusuied by the areas 344/3'3, 
ILL' I'd respectively The complete cycle of 
open at n ms loaves, therefore, a quantity of 
“useful woik” done by the substance repre- 
sented by the area 1231 obtained by the 
expenditure of a quantity of boat 11, of which 
a pail, //, is injected By the Fust Law of 
ThonnodvinitmcH, therefore, the useful mecli- 
amcal woik U (measuied, loi convenience, m 
1 unit- Hints) must be given by the i elation 

U^U-h ( 1 ) 

And the eihciomy of the cycle, being the 
intio of the useful woik obtained to the eneigy 
expended, is 

urn U 114 , h 

Muwney = u - u =l- fl . (2) 

This equation oxpiesses the eiheiency of the 
Gamut cycles m leans of the heat received at 
tin 5 upper limit of temperature T, and that 
injected at the tower limit t 

Moreover, the cycle is icvcisible, if the 
engine lie worked backwards and an amount 
of eneigy U be given to the woikmg substance, 
it will c 1 1 n \v heat h fiom the smk at tempeiatuio 
l and give heal U to the source at tempouvtuio 
T, passing tluough all the stages passed 
Uuough during the direct process, and being 
in the same condition m all lespects at each 
eunespomlmg stage m the two 

§ (0) Tun i tv knot Cycle a “ Perfect ” 
(heuj No conceivable engine, whatever its 
cycle, working between T and t can have a 
gi eater eiheieuoy than the Carnot engine 
Fui d d be possible, let there be such an engine 
X using the same “ source ” of heat at iempora- 
tme T, and the same “smk” of boat at 
temperature l 

Let X be so coupled to the (tuned engine 
as to drive it backwuuds without doing 
external work, then during each revolution 
of the coupled engines the following oxehanges 
take place 

Fngme A takes heat IP from the T-eourcc, 
rejects bent ti to the fl-smk, and performs 
meehameal work V and 

f Phe (Wnot engine is reversible, and working 
backwards takes in heat h from the J-souico, 
and rejects heat II into the T houico m virtue 
of mechanical work U done upon it, given by 
IT U - h Thus, on the whole, no mechanical 
woik is clone, and I !-/< If / -4 / , honeo 
Jl-tl/ h~h\ But since X is the more 
officiant cmgmo, it docs the woik U for a loss 
expenditure of heat from the source than 


that requited by the Carnot engine Thus 
U is less than If, and hence hf is less than 
h Thus the source at temperature T gams 
heat H - H', and the smk at a lower tempera- 
ture t loses an equal amount of heat it -h' 
Hence by means of an inanimate material 
agency— the two engines coupled— heat is 
transferred from a body at temperature t to 
one at a higher temperature T, m violation of 
the Second Law of Thermodynamics Thus 
engine X cannot have a greater efficiency, 
woikmg between T and t, than that of the 
Carnot engine between the same temperatures 

Hence the Carnot cycle is of maximum 
efficiency, le is a 6< Peifect ” cycle 

It immediately follows that, within the 
same temperature range, all perfect cycles 
are of equal efficiency, the value of which m 
terms of heat received and heat rejected is 
as given m equation (2) 

§ (7) Kelvin’s Absolute Scale of Tem- 
perature —Equation (2) expresses the effi- 
ciency m terms of heat quantities , it is next 
necessaiy to show how the efficiency may be 
expressed in terms ot the limiting tempera- 
tures themselves 

Let AjEi (Fig 2) represent a portion of an 
isothermal, at temperature T ls of the working 



substance, which may be any whatever 
Along let points B v G\, D x be taken such 
that the expansions A X B 1? BjCj, 0^ corre- 
spond to the addition of equal quantities 
of heat, IIjl, at the constant temperature T a 
and tluough A lt B x , C x draw a senes of 
adiabatics of the substance 

Let A^B 2 0 2 be a second isothermal of the 
substance corresponding to some lower tem- 
perature T 2 

Then the quadrilaterals A X B 2 , BjCj, 0 1 B 2 
are all equal , for each is the u«eful-work-area, 
U, of a Carnot engine diagram receiving heat 
Hi at the higher temperature T x , and rejecting 
beat at the lower temperature T 2 Moreover, 
since the efficiency is the same for each of these 
perfect cycles the amount of heat rejected at 
the lower temperature T 2 is the same for each 
Let it he H 2 Hence, also A 2 B 2 , B 2 C 2 , C 2 D 2 
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represent the isothermal changes at T 2 due to 
equal additions of heat, H 2 , to the substance 
Next suppose there to he drawn a series of 
isothermals A 3 B 0 C 3 , A 4 B 4 0 4 such that the 
quadrilaterals A 1 B 2 , A 2 B 3 , A 3 B 4 are all equal 
then it is evident that the two senes of 
isothermal and adiabatic curves divide up 
the -whole diagram into qUadnlateials of 
equal area Now Kelvin defined equal tem- 
perature intervals as those between any two 
consecutive isothermals of this senes as 
this system of graduating temperatures is 
independent of the nature of the thermometnc 
substance employed, it is styled the absolute 
scale of temperature On this scale it is 
immediately obvious fiom the diagram that 
the efficiency of a Carnot engine working 
between T x and T 3 is twice as great as that 
between T t and T 2 , and between T x and T 4 
three times as great and, generally, that 
the efficiency is proportional to the difference 
between the upper and lower temperature 
limits measured in this vmj t i e 

^=C(T 1 -T«), (3) 

where T x and T n are the upper and lower 
absolute temperature limits respectively 
The constant quantity C must be in- 
dependent of T w , but may be a function of 
T x It is termed Carnot’s Function, and its 
value is immediately determined from the 
consideration that as equation (3) is to hold 
whate\er T„ may be, let T n be supposed so 
reduced (see Fig 3) that the whole of the heat 
Hj is converted mto useful work U As U 



cannot conceivably be greater than this, it 
can only be inferred that when U=H X the tem- 
perature T n is the zero of the Kelvin scale , 
thus T w =0 when U = H 1 , hence equation (3) 
gives m this case 1— CT X or 



Thus Carnot s function is the reciprocal of 
the temperature reckoned fiom the Kelvni 
absolute zero 

The efficiency of the Carnot cycle can now 
be expressed m terms of the absolute tempera 


tures of the limits, foi if the so bo T and t 
respectively wc ha\e fiom equations (3) and ( 1) 

Efficiency = 1 r ~- Z = 1 - r j'„ (5) 

and thus depends only on the latio of the ab- 
solute tempeiatmes between which the engine 
works From equations (2) and (5) we havo at 
once the imjiortant fundamental loloUon 


Heat received __ Abs uppoi temp 
Heat icjccted ~Abs Jowet temp 
$ (8) TEMPrilATlJK FS B Y (l AS TllEKMOMK ( l \\ 
— Anticipating 4} (14) ct my, wo know that 
for an ideal pci feci gas pv Ur, where r is 
tempeiatuio as given by the guH-ihonnomotor 
itself and R a constant , and it is easily 
shown, 1 by a ducct and independent investi- 
gation, that with such a gas as woikmg sub 
stance, the efficiency of the Cainot cycle is 
expressed by 1 — r>/r 3 , whore r 2 and r t aic 
the lower and uppoi gas tempeiatuio limits 
respectively lienee by equations (2) and {(>) 
we have Ji/11~t 2 /t 1 — t/T , 

! Kelvni ahs lower temp 
Kelvin abs uppoi temp 

_ Gas thoimomotei lowe r temp 
Uas-thei mometox upptwTomp 

In the gas-thorraomoter scale, the tempeiatuio 
mteival between the Iteo/mg and boiling 
points of water is divided into 100 equal 
degiees, and this loads to the mu oecumng 
at 273° below the fiee/mg point ol watei 
If the same size of degioe ho adopted for the 
Kelvin scale, then wo shall havo T r x and 
t-r 2 , and the readings, on eithei scale, will 
he identical As the oidmai y poi manen t gases 
appioximate closely m thou properties to 
those of a perfect gas,—' within the tempointuio 
range occurring m internal combustion engines, 
it is to bo expected that the lendings 
furnished by a gas - thoimomotei will tono- 
spond very closely with the lompeiatmos 
of the Kelvin absolute scale This is found 
to bo the case, oxpenmonts by Joule and 
Kelvin on the flow of air and other “ pet- 
nianent ” gases thiough porous plugs showing 
that for all practical pm post's the readings 
of a < gas-theimomoter sensibly coincide with 
absolute temperatuies on Kelvin’s scale 54 
Oallendar (Phil Maq , 1903) has given tables 
showing the correction to bo made with air, 
hydiogon, and othoi gas - thoimometeis m 
order to convert then loadings to those of the 
Kelvin absolute scale The correction is 
very small, amounting m the constant-volume 
hydrogen thermometox to not exceeding 
1/lOth of a degree between - 10° 0 and 

1 See “ Thermodynamics, ” § (20) * /bid § (12) 
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1000° 0 With ci constant volume an tliei- 
mmnotci the collection is slightly gioatei, 
but still voiy small With gas thci mo meters 
of the constant-pi essuie typo the collections 
aie agun slightly gioatei 

Foi all thei motlynanne investigations on 
internal combustion engines, how ever, the 
leadings of a g.iM-theimomeiei may be taken 
as absolute tempeiatuies 

^ (9) Entkopy — Let AB (Fig 4) bo any 
two points on the piessuio volume diagram 
of a substance, and suppose that by the 
addition of heat simultaneous values of its 
piessuio and volume m passing 
fiom the state A to the state B 
indicated by 


Entropy 



aie 

the full daik line 
joining A to B, and 
•wludi may be of 
any form wliatovei 
Through A and B 
let tlieio bo diawn 
adiabatics, and 
thiough any point 


Volume 
l*’io 4 


below A let theie bo ebawn any isofchcimal, 
cutting these adiabatics m a and b respect- 
ively , aud let t bo the absolute tempoiature 
conesponding to the isotheimal ab Let the 
patti fiom A to B ho divided into a large 
numboi of small pails tluougli each of which 
a small pm lion of an isothermal is di awn, as 
A rt B„, the touespouding tempeiatuio being 
T n , and through each e\t-i omity of each of 
these small isotlieimals lot adiabatics be 
drawn culling the* f-isothennal ab as at 
a ni b n 'Phe whole area A Bba is thus divided 
up into a largo mimbei of elements, each of 
which is a Carnot engine diagram j eeeivmg 
heat Il M at tempeiatuio T ? , dining the iso- 
theimal expansion A n and jejoctmg heat 
h n at temperature t dm mg the isothermal 
compression b n tt n r rho woik-aiea A n B w /> n a w A n 
being denoted by U n , we have thoiefoio, by 
equations (2) and (f>), 

Un lin v TJ 9 

which may ho wait on 

ic - v ,-/! 1 * 1 . . c ) 

i n 

Set out at length, therefor o, 


{ii.h n a } ir d i- 


. }- {U 1 +T7 # +U a + 



_4V^ + 

t 2 t 3 h 


} 


But h n - (H r - V n ) by equation (1), 
this out at length also we have 

= {H, + H 2 4 - H s + 
-{Ui+U 2 + U 3 -f 


settmg 


{7q 4- 7t 2 4- h Q 4- 

and accordingly, 
(7q +7i 2 + 4- 

But h x 4- 7r 2 4- h§ 


l — , -®a 




}. 

J 


“ “'l i < ,6 3 - —h, the whole quan- 

tity of heat i ejected by isothermal compression 
at t, from b to a , so that the result becomes 


fa + H, + -_ 

iTj T, T 


-3 + 

* m ■ 


1 h 

J- a constant, 


whatever H ls H 2 , H 3 may be 
When the number of parts into wdnch the 
path AB is divided is indefinitely great, each 
of the quantities H 1} H 2 , H 3 , etc , is properly 
denoted by dH, and we thus obtain the remark- 
able and impoitant result 

f B d H h A 

J a constant (8) 

This is Lue whatever the form of the path 
between A and B , it is true wheievei A and 
B be taken on their respective adiabatics , 
and it is also tiue wherever the isothermal 
ab be drawn The result may be expiessed 
verbally as follows For any working sub- 
stance let any two adiabatics be drawn , 
take any point on one and any second point 
on the othei , by means of a heat supply to 
tlie substance, varying in any manner what- 
ever, let the condition of the substance be 
changed from that denoted by the first point 
to that denoted by the second , divide each 
^ery small addition of heat, whatever its 
source, by the absolute temperature at which 
it is added Then the algebraical sum of 
these quotients is constant m value 

Along any adiabatic dK = 0 by definition , 
f b 

thus m this case J^dlijU — O 

fB 

Hence (Fig 4), I dl, I/T indicates a quantity 

which increases by a constant amount as we 
pass fiom one adiabatic A a to another B6 
Clausius gave the name Entropy to the value 

of the integral / dH/T taken from some 

‘'O 

unknown zero of entropy up to the state 
A It is a function only of the state of the 
body The zero of entropy is that of a body 
entiiely deprived of heat, a condition unknown 
to us, but smee we are concerned only with 
the changes of entropy this is immaterial, and 
equation (8) may be interpreted as expressing 

the fact that j t7H/T, the difference of the 

entropies of the two conditions A and B, is 
a constant Entropy is usually denoted by 
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the symbol # , if, then, (p l be that of A and 0 2 
that of B, we have, starting from any aibitraiy 


zero. 


and hence 




' A <Oi 


TjT» 02“ / 


-01 


- r d 3 

~L T 


( 9 ) 


Practically entropy is reckoned from some 
assumed standaid condition, as, eg, for unit 
mass at one atmosphere of pressure and 0° 0 
or 100° C temperature As along any adiabatic 
the entropy is of constant value, all adiabatics 
are also isentropics 

If an element of heat, dH, be added at 
absolute temperature T to a substance, the 
corresponding change of entropy is d<f > , by 
equation (8) dcp—dE/T This may also be 
written dE—Tdcp, and dHjd^ — T Or, foi a 
finite change, 

f<M=/Td<p (10) 


Temperature-Entropy 

Diairram 


The value of the entropy is easily determined 
m any specific case, as is shown later m this 
article (vide 
§ (25)) Fig 5 
shows a tem- 
peiature- en - 
tiopy diagram, 
it is usual to 
take the tem- 
peratures as 
ordinates and 
entropy as ab- 
scissae, let 
AB be a cuive 
connecting tem- 
perature and entropy, and from any points 
C (0TJ and D (0 2 T 2 ) on curve diaw 
ordinates CM and DN respectively , then 



Pig 5 


[ B dE= \\dcj )= area MCDNM 
Jo 

Hence the hatched area measures the heat 
supply to the substance fiom condition 0 to 
condition D On the temperature-entropy, 
or “ T-0 ” diagram all isotheimals obviously 
appear as honzontal fines, and all adiabatics 
(isentropics) as vertical fines, as indicated 
in .Fig 6, thus the T - $ diagram of any engine 
working on the Carnot cycle, whatever the 
working substance, is a rectangle as 12341, 
12 representing the isothermal expansion at 
temperature _T, 23 the adiabatic expansion 
from T to % , 34 the isotheimal compression at 
it and 41 the adiabatic compression from t 
to T (compare Fig 1) The area M12NM 
represents H, the heat supplied durmg IS, 
while N34MN represents h, the heat rejected 
during 34 , hence the closed area 12341 
represents (H - h), le U, the heat converted 
into useful work And it is immediately 
obvious from this diagram that the efficiency. 


U/H, being the idtio of the areas 12341 and 
M12NM, is also expressed by (T - t)f T 
And, geneially, tho “ T—<f > 5 ' diagram of 
an engine working on any cycle is represented 
by an enclosed 

Com paia Fig 2 


figure as, eg , 
that shown 
hatched in Fig 
7, the area of 
which iepre- 
sents the useful 
waik poxfoimed 
just as m tho 
case of a pv dia- 
gram Thiougli 
the four ex- 
treme points of 
the boundary 
of this hatched 


Adiabatics ( (aenttopios) 


2 a< L 
2 A 


D r 


\Tcmpcintura 


_ M N 
Entropy 

Kiq 0 


aiea let honzontal and vertical linos bo drawn 
as shown Then the actual engine locoivew 
per cycle heat IV lepiosenlod by tho aiea 
MABCNM, and 1 ejects heat h' 9 lopiosonted 
by NCDAMN, its efficiency bomg 

IV - V - V 

ir' ,tcl iv 


Now the tompciatuies botweon which this 
engine woiks aio T and l , and 12341 is tho 
T ~<p diagiam of a Carnot engine working 
between tho same tom per atm es, IT being now 
lopresonted by M12NM, and h by JM34MN 
It is obvious that MJ2NJV1 is gi eater than 
MABONM and that N34MN as less than 
NCBAMN, that is, that H is gicatei than 
IF, and h less than hf ; thus h/H is less than 
h'/U', and, therefor 0 , (l - Ml.) is always 
greater than (1 -h'/lV) , that is, the efficiency 
of tho perfect cycle engine is a maximum, as 
has already been shown otherwise 
§ (10) Entropy in a Complete Cram— 
Whatever tho ^ cycle of an engine, whether 
perfect or not, tho working substance returns 
at the end of each cycle to its initial condition 



m all respects, and thus m a complete cycle 
there is no change of cntiopy , or, symbolically, 
for any complete cycle : 

/¥ -o. . . a.) 
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Tli mtoipielmg tins equation all heat gamed 
ot lost by the substance as heat , whatovei its 
som co, n to l)e included If, foi example, 
iho cycle includes piocossos, as of 46 unbalanced 
expansion,” any heat goneiatcd within the 
substance itself riming the subsidence of its 
turbulent motions must bo included m the 
Mimmalion of equation (11) Any heat so 
generated is cloailv a positive addition to the 
entmpy summation 

It ho.it acquued by the substance m tins, 
oi other analogous mannoi, be not included 
in the summation, thou it will be necessary 
to assort tint only foi any poifcct cycle is 
equation (11) turn, and that foi an impoifect 
eye le /illlfV is negative 

^ (11) Temiuoiutuiig entropy Diagrams 
Theso have pioved of much value m study- 
ing tho action of heat engines using vatei- 
stcam as tho working substance, but have 
not so lax been much used in investigations 
connected with internal combustion ongmes 
Among fuithoi giapluo aids to the study of 
heat ongincB may bo mentioned tho diagiams, 
mtiocluced bv Hi MoIIiol in 1904, of total-heat 
eutiopy (Ib/j), and total-heat pressure (lip), 
both of theso have alteady been found of 
sei vice m si cam engine and steam- tuibme 
problems, but they have not yet been em- 
ployed m connection with internal combustion 
engines 

4} (12) Pniu-’MCT Oases — For the so cailod 
“ pei maneut ” gases, of which (dry) ail is 
the pc', expeument lias established the 
following results, tcimed the Gaseous Laws , 
llicv cue eonfoimocl to by actual gases tho 
moic cloudy as they ate lawod m tempenxtuio 
the more highly above then condensation- 
jHMttt, that is, tho raoio highly they are 
superheated Theso Gaseous Lasvs aio to be 
regal clod, thmefoio, as the propel ties that 
would be exactly possessed by an absolutely 
ideal gas* 

§ (13) Law 1 (Bovlio’s Law) — Tf tempeia 
lute remains constant, then the product of 
prcsHUio by volume ib also constant Honeo 
the iso then ms of a perfect gas on a pv diagram 
aio rectangular hypmbolas with tho co- 
ordinate axes as asymptotes 
§ (14) Law 2 ((JrtAimidH’s Law) —Under 
constant pi ensure all gases expand at one 
uniform late with moreaso of temperature 
As by Law I, v^-ljp when T is constant, and 
by Law 2, nu T when p is constant, it follows 
that ib T Ip when both T and p change, i e 
v H(T Ip) wheto R is somo constant Tins 
result, combining Laws 1 and 2 m ono state- 
ment, is usually written 

pv* . . (12) 


A p, Av, AT respectively, then, as equation (12) 
always holds, we must have 

(p + Ap)(v + Av) = R(T -f- AT), 

%e pAv + vAp+ ApAu = RAT, 

and accordingly, in the limit, when the incre- 
ments aie indefinitely diminished, 

pdv + vdp — RdT ( 1 2 a) 

is the invariable relation connecting di\ dp , 
and dT 

Hcie T is strictly the temperature measured 
on the absolute scale (§ (7)), but for all practical 
purposes the reading of a gas thennometer, or 
a good mercurial thermometer, is sufficiently 
aecuiate (vide § (8)) From equation (12) it 
appears that the expression _pv/R measuies the 
absoluto temperature of a gas, and this property 
is much used m investigations of the action of 
internal combustion engines The value of 
the constant R is determined m any specific 
case when the condition of the gas is known 
at any one instant Thus for 1 Ib of air at 
0° 0 (T = 273° C abs ), when p is 14 7 lbs 
per sq m ( = 2117 lbs per sq ft ), it is found 
that the volume v is 12 39 cub ft , hence from 
equation (12) 211 7 x 12 39 = R v 273, whence 
R “96 Accordingly for air the characteristic 
equation is 

pv = 96T * (12') 

§ (15) Law 3 (Regn ault’s Law) — The 
specific heat at constant piessuie is constant 
foi any peifect gas This quantity (oH/oT)^ 
is commonly denoted by 

Another important mode m which a gas 
may lecoivo heat is at constant volume 
The specific heat at constant volume (5H/6T)„ 
is usually denoted by L v For an as the 
result of careful experiment the value of 
was determined by Regnault 1 as 0 2373 
0 Th U per lb , from this the value of l v is 
obtained, by calculation, as 0 1689 C Th XJ 
pei lb 1 

§ (10) Law 4 (Joule’s Law) —If a gas 
expands without doing any external woik, 
its temperature remains unaltered The 
volume of a gas is always maintained by 
some external piessuie, and if a gas expands 
mechanical w oik is necessarily done by it 
in. ovoi coming this external pressure If the 
gas bo lieat-msulated from all external sources, 
expenence shows that its temperature rapidly 
falls during expansion , the external work is 
done at the expense of the internal energy 
of the gas When there is no external woik 
done there is no loss of internal energy, and, 
as Joule’s Law shows, no loss of temperature , 
and this is true whatever the pressure of the 
gas Hence it is concluded that the internal 
energy of a gas is proportional to its absolute 


and is termed the <c OharactonsLo Equation 
of a perfect gas, 

II pv and T Buffer simultaneous increments 


• These values are now considered to be too low , 
i e § (73) , also m actual gases the values are not 
istant 
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temperature Thus in a perfect gas isothermal 
curves are also cuives of equal internal eneigy, 
%e are “ Isenergies ” 

§ (17) Symbolic Expression op the First 
Lw op Thermodynamics — In geneial, 
when heat is supplied to a perfect gas, the 
pressure, volume, and tempeiature all undeigo 
change, though at each instant the char- 
acteristic equation py=RT remains true 
Suppose the addition of a small quantity of 
heat AH, to a gas at p, v t T, to cause these 
quantities to become (p + Ap), (v-*~Av), 
(T+ AT) respectively The effect may be 
considered to be produced m two steps, 
viz (1) a rise m temperatuie of AT (with 
coriesponding nse m pressure Ap) at constant 
volume, and (2) an expansion at constant 
temperature between T and (T + AT) through 
a volume Av 

The heat necessary to produce the fust 
step is l v AT, k v being by definition the 
quantity of heat necessary to raise the gas 
through 1° C at constant volume For the 
second step the expansion at constant tempera- 
ture requires an amount of heat equivalent 
to the external work done, which lies between 
pAv and (p + Ap)Ai And the sum of these 
two quantities is AH Hence, m the limiting 
case we have 


i e 


dH = Jc v dT 


Heat supplied = 


'Increase of 
internal 
. energy 



-l-Ext woik 
done, 


where J is Joule’s equivalent (§ (4)) This is 
the symbolic form of the First Law of Thermo- 
dynamics m the case of perfect gases 
§ (IS) — Several fundamentally impoitant 
results are immediately deducible from this 
equation Thus, m isothermal or “ iseneigic ” 
expansion T is constant, hence k v dT~Q, 
jmd accordingly in this case 

. (14) 


so that the heat supplied is the exact equivalent 
of the external work done, the internal energy 
of the gas remaining unchanged And, 
conversely, if a gas be isothermally compiossed, 
the heat emitted is the exact equivalent of 
the voik done upon the gas m compressing it 
Integrating equation (14) we have, denoting 
by H, the heat supply necessary to change the 
volume from V 0 to v isothermally 


<■*> 


The volume ratio of expansion (v/v 0 ) is usually 
denoted by r , hence (15) is also written 


Heat supplied = Ext work of expansion 


PoVo 

' J 


log e r= 


RT 0 

J 


log r 


m 


m thermal units, T 0 being llie absolute 
lsothermal-expansion-tompeiatuie 
§ (IQ) Relation of l v to —With tlie 
same initial suppositions as m 5} (17), if the 
addition of AH to the gas pioduces a use 
of tempeiature AT (and ooizesponcLmg volume 
increase Av) at constant prcssuie p t then 
by the definition of we havo at once 
AH ~l v AT, and, m the limit, dH- , 
and the final state of the gas being exactly 
the same m each case, we may wnto 

dH=MT = MT4 ~pdv 


But pu-RT, and as p is hero constant, 
p(cfo/dT)=R, le pdu=RdT, hence 


ImdT : 


:-l v dT+~dT, 


so that 


kp ; 


R 

5 J* 


( 10 ) 


that is, of course, tlie diffoionee of the two 
specific heats is the tliexmal value of the 
external woik done m raising 1 lb of the 
gas through 1° 0 at constant piessuie The 
constant Tk—p(dv/dT) is the measiue of thin 
external work m ft lbs 

(i ) Value of for Ad — Regarded as a 
perfect gas, the constant value ol l v for air 
can now bo calculated , foi wo havo soon 
(equation (12')) that R=90, also /„ = () 237o, 
and J has been experimentally detounmed 
as 1400 ft -lbs pei 0 Th U , lionco by (I(j) 

° 237C ~k„ — 

whence k v = 0 1689 C Th TJ per lb 
as alioady stated 

(n ) Ratio of kjk v , Value of y — Tlie ratio of 
KIKt always denoted by 7, is of fundamental 
impoitance m all thermodynamic investiga- 
tions , m the case of air, regarded as a perfect 
gas, we see that 

Jc v _ 0 2375 , 

7 k, 0~168i)~ 1J06 

Assuming all heat- quantities to be expressed 
as energy m ft -lbs 

Equation (13) becomes 


dll*=>kpdT Ipdv, 
while from equation (1(>) 

V~k P — k v ^Jc v (y~- 1) 
Hence by equation (12 a) 

RdT ~k v (y- 1) dT ~pdv -\ -vdp, 

{pdv-Vvdpf , 

and accordingly (13 A) becomes 


(Ha) 


j that 




dH = — ^ {vdp -J ypdv ] , 


which may also be written 

dH 1 .dp , 
dv ypf 


(llu) 


(13c) 
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equation is sometimes useful m the analysis of 
[ indicator diagrams of internal combustion 

’S 1 

following formula grnng II -H 0 readily m 
units, in terms of quantities easily measured 
an ordinary indicator (pv) diagram, is also 
y of notice We have 

rn 1 

(IT = Id pi, 

X\J 

inis equation ( 1 *U) becomes 
dll — Ipv Ppdv , 


dm — 


1 


~dpv*\ pdv 
y — 1 

ating all acioss fiom (p 0 ?> 0 H 0 ) to (pf;H) gives 

1 


IT- H 0 


'/ 

J x } 


J pdv (IV) 


y~~ x jv» 

(K-TI 0 ) is dele i mined as p, v, p 0 , and v 0 aio 
rv 

y me isurable, and 1 pdv is readily found 
JVo 

animotno measurement fiom the mdioatoi 
m 

ho actual expansion (or compiession) curve 
mgram can be icsumed by an equation of the 
pv n = constant (vide § ( 22 ; infra), wo liavo by 
ntiation , 

v n f l-MW 1 *" 1 ® - 0 , 
dv 


dp 
vf = 
dv 


- np , 


in tins case equation (13a) takes tbo very 
foim „ r 

all y-n , 

* ~ -,p 13d) 

dv y - 1 

lunng expansion, tho gas loses beat, dlljdv is 
vo and heneo n must bo grcatei than y 
lurmg compression, tbo gas loses beat, then as 
y-njy-l)pdv and both dll and dv are 
ve, n must be lc ss tlmn 7 2 
m pv n ~a, a constant, p~av~ n , and thus 
on (13i>) may bo wiitlcn 


J dll - ^ ~™a j' v~Hv, 


(m 


7-3 

ogration and 1 eduction tins gives 

fkjte'-w*.). 

to equation (%) infra 

i0) Tina Adiabatic Equation of a 
ect Gas — In adiabatic changes no heat 
s 01 loaves tho gas, and honoo m equation 
wo symbolise this condition by putting 
0 Thus m adiabatic change we havo 


l v dfV l ~ r pdv~Q, 


(17) 


Hinperis, The Internal Combustion Engine, 
L-00 

yiton and Pony, Proc Phys, Soc , 1885 


which expresses that m this mode of expansion 
the external woik is done wholly at the 
expense of tho internal eneigy of the gas 
As p — lVT/v, and R — J(l 31 - L v ) - J/, ^(7 - 1), 
wo may write (17) 

fin 

MT 1- A v (y ~ 1 )T~ — 0 , 


dT 


.dv 


that is “j +(7- 1)^=0 (18) 

Integrating, log e T -|- (7 - 1 ), log<? v~b, a con- 
stant It T„ and v 0 be datum tempeiatuio and 
volume respectively, 

6= log e T 0 + (7 - 3 ) log c v 0 

Hence 

l°g e ( 5 r) +(T-l)k(”)=», 

* e *(?J(3 T 1=0, 

and Unis ' = 1 ■ d») 

This is tho adiabatic equation of a pci loot 
gas in trims of volume and temporal uio As 
yn>=RT always, equation (10) may easily bo 
expicssed m one oi the following thieo ways 


pvy^p Q v Q y 

T - T "(s ) 1 

•(?) 


a constant, 
1 
y 


T=T 0 


-l 


( 20 ) 


( 21 ) 


m 


§ (23 ) Expansion to Iei-intty — K umb 
mass of a perfect gas he expanded (1) iho- 
theimally and (2) adiabatically, fiom an initial 
condition p oi v 0 , T 0 , to an mfimto volume, 

tho external work dono being , pdv is in- 
finite m tlio isothermal case, by equation (15') 
In tho adiabatic case, however, we have 
roo rCO 

Work to infinity™ I pdv=p 0 v 0 V v"~ydv 

'Vo J 

by equation (20) , that is, 

Woilc to infinity - ~p Q v Q y x — ^ *“ (y°l \ ) 

7 (S3) 

As p Q v Q ^RT 0 s-*„(7-l)T 0> this may also bo 
wutten 

Work to infinity = /< „T 0 , (24) 

an obvious tiuth, as in this case tho whole 
internal energy of tho gas is oonvoitod into 
external woik 

For 1 lb of dry air at 0° (i and ono atmosphere 
pleasure, regarded as a perfect gas, tho external 
work done m expanding to infinity would thus 
be 0*1080 x 273 -46 1 CTh U «G4,fi40 ft -lbs, oi 
28 8 ft tons As v 0 **l% 39 cub ff ibis may also 
be expressed by saying that 1 oub ft at()° (' and one 
atmosphere, expanding to infinity m tbo cuouin- 
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j 

l°i\ Curves pv 
^ 

n = Constant 

a 


V 








°, 



F „ , M 

Volume 


ices here supposed, would perform about 2} ft- 
i of work 

(22) Curves oe Equation pv n = Constant 
dl the curves of this family have a general 
unblance to the hyperbola for positive values 
the constant index n , the co-ordinate axes 
ig asymptotes Such curves aio frequently 
of seivice m 
the study of 
heat-engine 
diagrams as it 
is often found 
possible to ex- 
pres« actual 
compression 
oi expansion 
curves by as 
signing a suit- 
able value to 
Eig 8 n 1 It is thus 

useful to esta- 

h some geometric and theimodynamic pio- 

aes connected with tliem 

hus (Fig 8), let DjBjCu D 2 B a C 2 be two 

ms whose equations aie pv n =a lt pv n ~a 2 

lectively 

'operty 1 — Lot fheso two curves bo out by any 
mntal, i e constant picture, line NBjBo Denote 
by i p NB a by v Qt and ON by p 

i T *lJh a 

Ph n a i 

therefore 1 

( ^a\ ( a *\ n 

UJ “ UJ ’ a GOnRtant ( 2{3 ) 

:e any honzontal (constant pressure) line cuts 
wo curves in suclimanncr that the ratio NB 2 /NB 1 , 
'Jvp is constant 

'opeity 2 — Let the same two curves be out by 
vertical, % e constant volume, lino MOp \ 

)to MC X by pp MC 2 by p 2 , and OM by v 

L 

PiV n **(ii 

therefore 

Pi u i 

:e any vertical (constant volume) lino cuts the 
curves m sue li manner that the latio MUg/MC^ 
' 2 / pp is constant 

opcrtij 3 — Lc t the same two curves bo out by a 
. cm vo DjDg whose equation is#7i m =« 3 Denote 
by Vp RD S by w 2 , ED X by pp and ED 2 by p 2 
ten 

hh n ~<tp p 2 v^^a 2t p 2 v^=a z 

>e Wa n 

Pi v ™ ' PiH n " a * ya i 


• a constant 


( 20 ) 


1 # Pi v i n ~ ^ya 1 
2 , 

\vj a x 


therefore 


( „ f ^2\ 1 
\h) ~ \\) 


, a constant (27) 


rhe value of n is readily determined by log- 
mic plotting 


As this lcsult is independent of a j, ivo li.ivf ihe 
propeity that <tll the cmves pv m -=i\ const int ( ut the 
pur of pv n cmves m silt li manna tint the value oi 
the ratio (v 2 fi\) is constant 

Lastly, wo have 

n 

P£h n « a (P a N \ ( v 2,\ n fPi\ m t 

Pi v x n 


" «. 1 W W ” W ViJ 

by equation (27) , that is, 

(S) <2s) 


Carnot Diagram fot* 
a l*erfert Gas 
Nat to Santa 


Tins result being also independent of a , all the om vr s 
pv m =:j, constant cut 
the pv n pair 111 sue h 
manner that the 
value of the latio 
(p*lpi) is constant 

§ (23) Appltcja 
tion to the Car- 
not Diagram. — 

The diagram of a 
Cai not cycle en- 
gine using a per- 
fect gas as work 
mg substance 
(Fir/ 9) consr sis of 



two isotherms pv= constant, and two adiabatics 

pift = constant , compare Fig 1 

Ilero m = 1, n~y , and we have accoulmgly 
by equation (27) 

(29) 


(::)"©• 


or the ratios of isothermal expansion and 
compression arc equal And from (29) wo 
have immediately also 




(30) 

or the ratios of adiabatic expansion and 
compression aio also equal 

The total expansion latio is (tq/wj) , denote 
this by X, and lot r and p denote the jkoUicm mal 
and adiabatic expansion latios lospooti vely 
Then as == (' y s/ ?; i)(' ?, i/ y i)» have 

X=p? . (30') 

Now 111 this case 

i y , 

hence by equation (27) 
l 


. (PjVSl) y ~ 1 _ (P&} *V“ ’ ) 

'Pi v i y ' '2h v i x v i y ~" ^ 

-© 

" x (i) 


i 

y-i 


y~ 1 , 


\Y”1 


o- 


(31) 

Hence tho isotherm al expansion ratio depends 
upon both the total expansion ratio and tho 
temper atuie limits As r is necessarily 


$ 


*■ 


4 
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gmatm than 1, \ must always bo taken greater 
thin (T/A) 1 ^” ^ 

And as by equation (30) p = X/?, we have by 
(31) i_ 

/>=Q 7_1 (32) 

Tims the adiabatic expansion iatio depends 
only upon the tonipciatuio limits By aid of 
equations (30), (11), and (32) the diagiam can 
be completely chawn when T, A, R, and one 
piessuie, say p ]} ai ° given Lastly, fiom 
equations (5) and (32) wc havo 

Eifieicnoy = 1 - 7 (32') 

And thus, in the CainoL cycle the cfhcienoy 
d('])ends only upon the ratio of (adiabatic) 
c ompiesHion 


$ (2 1) Further ( bum quIiNCies op tiiu Equation 
pv n ~- Cons tan r — -The external woik done when a 
gas expands fiom an initial volume v 0 to any other 
I 0 

volume V hung / pdv, it the law connecting p 
’ r 0 

and v he pv n ^p 0 v 0 n t pdv=-p 0 v a n v v~ n dv and hence 


that ih 


Ext WOlk done —p lt V 0 n 


p 

v" n d» , 


Ext woik ~ jv 0 n 


( V" n f 3 — ?V nH M 

1 -nH 1 J 


P<A> n 

l-n 1 v* v 0 n j 


iv lu< h reduces immediately to the simple form. 

Ext v ork =~ {pa - p 0 v 0 1 ( 33 ) 


Ah p?i- UT utul po v o" UTw tins equation may also ho 
wutten 

Ext wmk — , [T — T 0 ] (31) 

l~n 1 


r PIiiH lemilt hhuwH that when a gas < xpands m accoid 
mien with the law p» n -s. constant the external work 
clone is Himply piopmtional to the change of tempera- 
ture of the gas Ah iho initial tcmpoiaturo is T 0 , if 
v he grealu than 1 tlu* temperature falls during ex- 
pansion, wheteHKiC n lx* less than 1 the temperatuio 
men as tlxo expansion pioeeeds Whetift-=*1 equa- 
tion ( 31 ) atmum s an md< terminate form, but tins 
is aheady known to he the isothumal case, and the 
lempeiatuio lemiuus eonstant durmg the expansion 
To determine the heat expended wo have by aid 
of equation (1 1) 

II 'L'o) | | -i—T-T,,, 

as li*=l v (y- 1) this reduces to 

Tl -"[—MT ~ T 0 ) ' ^*(T - To), ( 35 ) 


which shown that tlio heat expended is also simply 
proportional to the change of temperature of the 
working gn a , and that this expands with an apparent 
specific heat which is constant and equal to 
IC~=(y~?i/l — n}/iD , K is negative for values of n 
between X and y and positive for all other values of n 


In Ji£r 10 value? of 7- a/1- «, le of K /l„, are 
plotted against values of n from n ~0 to ?i = 2 
When ft = 0, K =l v , when n= I, oo, and the 
expansion is isothermal , when ?i=^(y-j-i} } x = — it , 
when ft =7, K=0, and the expansion is adiabatic* 
and when n is greater than y K increases with n 



towards L v as a limit The curve is a rectangular 
hyperbola with asymptotes as indicated in Fig 10 
It is also to be noted that in expansion of the type 
pt n = constant, the change of internal energy, 
I V (T— T 0 ), bears a constant ratio to the external 
woik done, R/(l- n) (T-T 0 ) Bor we have 

Internal energy change k v {\ — n) l-n 
External work done ~ It — y-l 

As (7- I) is always posi+rve, the value of this ratio 
is positive if 71 bo less than 1, and negative if n be 
gieatei than I When n= 1 , the value is zero and 
the expansion isothermal , and when 71=7 the value 
is — 1, and the expansion is adiabatic 

The adiabatic equation (20) is, of course, immedi- 
ately derived from equation ( 35 ) bj putting H= 0 , 
which obviously requires that 7—72 shall vanish , thus 

ft— y and the required equation is p?/ —constant, as 
already shown 

§ (23) Entropy of a Perfect Gas — In 
Fiq 11 A t and A 2 are any two points on a 



pv diagram indicating any two conditions 
(p v V L , T v </>,), and {p v v v T 2 , 0 2 ) respectively 
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of unit mass of a peifect gas It is icquucd 
to evpiess (fa - fa) m teims of p v v v T t , p 2 , 
and T 2 

Through A x and A 2 diaw the lsentropics 
(? e adiabatics) a x A x and A 2 A 2 , then (< p t - fa) 
is known if Jcl. ET/T can he calculated for any 
one path from any point on flqAj to any point 
on n 2 A 2 This can be immediately done if 
the path be of constant pressure, or constant 
volume, 01 constant temperature, and the 
results m each case will he identical, thus 
(1 ) Constant Piessuie Path — Through A 2 
draw the constant pressure line AjA', meeting 
the isentiopic «,A 2 m A' Let A (p x vT) be any 
intermediate point, then as == T/T^ 

we have v^vJT^T), and hence dv = vJT^dT ) , 
thus p l dv=p 1 v 1 /T 1 (dT) = 'RdT 

Now by equations (0) and (13), expressing 
work-quantities in heat-units, w e have 

, . _ [dH 7 [ T 'dT , f uX p t dv 

fa fa- J T -KJ^ T +J ^ T , 

or, as p x dv-RdT> 


. . _ 7 f 1 '’dT pdl n -.pt IT 
fa -fa—J-v I -m- + R/ TfT = ( 7 c„+R) / fp 

J Ti -L J Tt X J Tl X 


re fa- fa=h log e (5-) (37) 

But, by equation (21), as A ' and A 2 are both on 
the isentiopic a x A%, ^ 

hence (37) becomes ^ 

(fa-fa)=hlog L 0^) (&) (38) 

which expresses the diffeienco of entropy 
sought m teims of the pressure and lempeia- 
ture at A x and A 2 
As p 2 v 2 =RT>, wo have 

(£)-©'©• 

hence (38) becomes 

1 1 1 

(*-*i)=I»log. (|) v g) \30) 

which expresses the diflcrcnce ot cntrojjy m 
teims of the volume and tcmporatuie at A x 
and A 2 

This may bo somewhat simplified , for 
l v —y?c v substituting therefore, equation (39) 
becomes _ 

(fa~ fa)~k* l°ge (^’) (^) V OO) 

Oi again, as T 2 /T A equation (40) may 

be written 

( </>2 - 0i) — ? (^ ) 

which expresses the difference of entropy in 
teims of the pressure and volume at A x and A 2 
Equations (3ft), (39), ^40), (41) enable the 


difference of entrojiy between A t md A 2 to bo 
calculated when any two of the vanablos p, v 9 
T are known at each point 

As along an adiabatic pv y is constant, if the 
value of this constant ho denoted by (3, 
equation (40) takes the simple foim 

(fa-fa)=Ulog e (&) (42) 

(n ) Constant Volume ’Path — Refomng again 
to F%q 11, consider the change of ontiopy is 
pioeeechng along the constant volume path 
AjA' between the two lsentiopice a x A x and 
A.A 2 

In this case dv — 0, and thoiofoio pdv = 0, 
no e\tern<il work b( mg done, hence wo have 



But A' and A a being on the same isentiopic, 


and theiefore 



and thus 

■ (0 2 -0 1 )=/.,lo gc g) g) T_1 


which is identical with equation (40) 

(m) Constant Tempo atiu e Path — Lastly, 
consider an isothermal path, as A 2 A' (Fir/ 11) 
between the two isontiopics Then from 
equations (15) and (15') wo have at once 


As before, A' and A 2 being on the same lscn- 
tropic, we have by equation (22) 


whence 



y~ i 

y 

J 

> 


and aoooidmgly 

(fa - fa) = R l0g t (£*) (rp“) 


1 

y-K 

> 


that is, as It = h v (y — 1), 

(fa-fa)^io St ^y~\ 

which is equation (40) again Thus, 311 acceding 
from A x to A 2 by tho mtei-isentropic patlis of 
constant pressure, constant volume, 01 constant 
temperature, we are m each caso led to tlio 
result that the difference of entropy of A 2 and 
A x is expressed by k v log e where (3 

is the adiabatic constant pvy 

§ (26) The Internal Combustion Engine 
“ Mixture ” — All the piocechng relations aie 
strictly true only for an ideal perfect gas, 
which may be defined as a gas of winch the 
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absolute temperature is simplv piopoitional 
to the value of the pioduct pv Eoi all the 
01 dmaiy “ peimanent ” gases the difference 
between the actual volume, and the value of 
RT Ip is so small that it is unneccssai y to take 
it into account m investigations of the 
performance of internal combustion engines 9 
m all such investigations it is theiefoio usual 
to assume that the effective tempoiature of 
the working mixture of gases is given by the 
value of the expression pv/ R, with a suitable 
value assigned to the constant R Callenclar 
has stated 1 that the experimental evidence 
available indicates the enoi of this assumption 
to be ceitamly less than 1 per cent for a mixture 
at 2000° 0 , the composition of the mixturo 
being known 

All internal combustion ongmos are essenti- 
ally air engines wlieiem the air is very suddenly 
and veiy intensely heated by causing chemical 
action to take place throughout its volume , 
this is effected by “ carburettmg ” the an, 
le by mixing it with a relatively small 
quantity of some inflammable gas or vapour 
m order to produce an explosivo mixtuie, 
and igniting tins explosive mixtuie at a 
suitable instant 

Before explosion the mixture consists of 
an (usually somewhat moist), carbuiettcd with 
town’s gas, blast furnace gas, producer gas, 
“ fuel oil ” vapour, kerosene vapour, petrol 
vapour, benzol vapour, alcohol vapour, 
acetylene, etc etc , dependent upon the 
inflammable agent used, and diluted to a 
varying degree with some of the exhaust 
products from the preceding cycle , after 
complete combustion, and duiing the working 
stroko, the mixture consists of nitrogen, steam, 
carbonic acid gas, and usually somo excess 
oxygen 

§ (27) Cycles of Internal Combustion 
Engines — The very numerous working cycles 
adopted, or suggested, m actual internal 
oomhustion engines arc conveniently classified 
according to the condition m which tho w Dik- 
ing substanco receives its heat, thus wo have 

Class I — Cycles of combustion at constant 
temperature 

Class II — Cycles of combustion at constant 
pressure 

Class III — Cycles of combustion at constant 
volume 

§ (28) Class I — Tho Carnot cycle, already 
fully consideied, typifies this class, all heat 
received is lecerved at constant tomperaturo T, 
and all heat rejected is rejected at somo 
constant lower temperature t The cycle is 
perfect, and therefore of maximum efficiency 
expiessed by (1 - 1/ T) (vide also equation (‘12')) 

An indicator diagram drawn to scale for 
an engine working on this cycle with air 
between 300° C and 700° O only is shown 
x Gaseous Explosions Committee, 1st Report, 1908 


in Fig 12 Although the maximum pressure 
attained m the case taken is about r )2f> lbs pei 
sq m , tho mean effective pressure is only about 
11 £ lbs per sq in , or less than one forty tilth 
of the maximum pressure Tlio engine would 
necessarily bo designed to safely withstand 
tho maximum pressure, and would thus ho veiy 
heavy m relation to its j rower output ft 



has long been recognised, owing to this and 
other piactical drawbacks, that the Carnot 
cycle is quite unsuitable as an actual working 
cycle, though within recent years its adoption 
was sonously proposed by Diesel 2 but soon 
abandoned m favour of tho now well known 
constant pressure cyolo finally adopted m 
this type of engine 

§ (29) Class II “ Constant P) cssui e ” 
Cycle* — In this class arc included tho 
American “ Biayton ” engine (1879), with 
Simon’s modified design, and also engine's 
of tho modem highly economical “Diesel” 
and “ semi Diesel ” types 

Tho Biayton engine included a compressing 
pump and a woikmg cylinder Tiro charge oi 
catbmeUod air, taken m at atmospheiio 
pressure, was (list compressed by the juunp 
and delivered into a receiver at a pressuro 
of somo 70 lbs per sc{ in. above atmosphere , 
fiom this receiver the working cylinder took 
its ohaigo, the mixture being ignited on 
entering, mil animation of tho contents of tho 
receiver being prevented by tho inter position 
oi a fine wrro gair/o screen somewhat m tho 
manner of action of tho Davy minor’s saioty 
lamp 

During tho first portion of tho working 
stroko tho working cylmdor thus received its 
mixturo m an ignited condition at a pressure 
nearly equal to that in tho receiver; at a 
suitable instant an mlot valvo out oil com- 
munication with tho rccoivcr, tho working 
stroke bomg then complotod by tho expansion 
of tho flaming mixturo contained m tho 
cylinder At the end of tho stroke tho exhaust 
valvo was opened, and durmg tho return 
stroke tho burnt gas was expollod into tho 
atmosphere, thus completing the cycle 

a The national Beat Motor, Xing och by Spon, 
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A working impulse occurred m every 
i evolution, i c in eveiv alternate stioke, so 
that the Bi ay ton engine woilmd on v hat is 
now teimed a “ two-stroke ” cycle, it will 
also be noted that in this engine the mode of 
ignition adopted mci eased not the pressure 
but the volume of the woikmg mixture, the 
piessuie in the working cylinder nevei quite 
equalling that m the receiver 

The cvele composed live operations, viz 

(a) Charging the pump with catburetted air, 

(b) Conqiiossion of the charge mto the 
icceivci 

(c) Admitting the (ignited) compressed 
fhatge to the working cylinder 

(d) Expanding aftei cut-oil m the woikmg 
oylindei 

(c) Expelling the burnt gas during the letmn 
(exhaust) stioke 

TJie ideal diagram of such a cycle is drawn 
by supposing no hcatmg oz throttling of the 
charge to occur duung admission to the 
pump , no loss of the heat developed during 
compression mto the receive! , no thiotthng 
of the charge on entering the w 01 king cylinder , 
no loss of heat by the flame to the woikmg 
cylinder and piston, no back pressiue during 
exhaust, and complete expulsion of all the 
burnt gas at the end of exhaust, wlucli implies 
the supposition of no clearance m the working 
cylinder 

Though these conditions cannot be actually 
attained, they may be approximated to by 
skilled design 

The ideal diagram of the Bray ton type of 
engine will theiefoie have the frnrn shown m 
5%. 13, and it is convenient to exhibit tho 



Foi lib of Air between Volume In Gu Ft 
800° qnd 2000°C /Abs ) 

Fig. 13 

diagrams of the pump and of the working 
cylinder superposed 

AB represents the volume of tho pump, 
AE that of the woikmg cylinder , the carbu- 
retted charge is drawn m by the pump at 
atmospheuc pressure AB, and compiessed 
adiabatioally along J3C to the receiver pressure 
of about 70 lbs poi sq m above atmosphere, 
and then forced into the receiver at this 
pressure as indicated by the line CD 

From the receiver it enters the working 


cylinder at this piessuie as indicated by DK, 
the supply being cut oil at F, theme 1 he 
expansion is adiabatic, and it is hist supposed 
that this expansion is continued until tho 
piessuie has fallen to that of tho atinospliei c, 
at E During the ictuxn stroke the burnt 
products are exhausted as indicated by the 
line EA, and the cycle is then complete 
The aiea ABC DA represents tho work done 
by the compressing pump on the w or king 
mixture, while tho area DFEAD represents 
the woik done by tho mixture upon the 
woikmg piston The diilereuce, ropicscrdcd 
by the area BCEEB, accordingly icptc salts 
the useful work done by tho engine jroi cycle 
The notation adopted is shown m Fig 13, 
the heat supplied is that corresponding to the 
line CF, duiing which tho working mixtuio 
increases its volume at constant picssmc, 
from v 0 to ^ and is accordingly expressed by 

11=/^-*,,), (43) 

while the heat i ejected is that dm mg tlio 
constant picssure exhaust period FB (regarded 
as compression at constant pressure), from 
volume v e to volume v 0 , and is accordingly 
given by 

7i = 4(T'-f 0 ) . (hi) 

The efficiency, being the ratio of useful work 
done to heat supplied, is accordingly R -7//J1, 
le (I-/i/H), which, by oquatxons (13) and 
(44), becomes 

Efficienc y = 1 - £ n ~ [° (45) 

x — 4 

But the expansion and compression curves 
being achabatics, wo havo by (22) { Property l) 


and as tho woikmg mix tui o obeys tho law 
pv = RT 

v p T , v 0 T' 

— -r- and - = , 

Vo to Vo I o 


and hence by (4b) 

TJF 

to to 


and 


UJV 

to T' 


Accordingly 


% e 


T-lo^T-la 
to to 

T 

T — U ~ U 


Thus, by equation (45) tho efficiency may bo 
simply expressed m the loim 

Efficiency=(l-|)=(l-~,) . (47) 

Hence when expansion is continued down to 
atmospheric (? e pump suction) piessuie, tho 
efficiency depends only upon tho degree of 
comprcsbion BG 

The efficiency may also be expressed m 
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terms of the equal latios of adiabatic volume 
change , loi it p denotes the ratio of adiabatic 
expansion vjv 3) , so that (3 //j) denotes that of 
adiabatic compression (vjv 0 ) (by equation (46)), 
then by equation (22) we have 

U VoJ \p) 

whence, by (17), 

Efficiency == 1 - , (48) 

which oxpicssos the efficiency m terms of the 
compiession latio alone, and has the same 
foim as for a Carnot cycle It will bo observed 
that the cycle ih impel Jecb , as the efficiency 
1 -T'/T is necessarily always less than 1 - tj T 
^ (ffO) Clyms II (ooiilinued) — Actually, it 
was lounti to bo impracticable to continue the 
expansion so fai that the pressure at release 


p\ 

Diagram of Brayton Engine 

□ 00 - 

CO ft) wItl1 Incomplete Expansion 

65*70 - 

? ~*"f\ Compare Fig 24 
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Ida it 

E had fallen to atmosphouc, and accordingly 
the ideal practicable indicator diagram would 
ho as shown m Fig 14 The efficiency is 
clearly less than m the ease illustrated by 
Fig 13, as, although the boat received remains 
unchanged, the useful work done jigi cycle 
is now 3 educed by an amount represented 
by the “ too ’* of the diagram 1IEK As 
before, the efficiency is expicssed by 1 - h/ II, 
whoie H T - 1 0 ) The total heat rejected, 
A, is, howovoi, now the sum of that rejected 
dunng the constant volume penod HK, and 
that i ejected during the constant pressure 
period KB , thus, now 

h ■= * v (T a - TO + L V (T ~ t 0 ) ), (49) 

and accordingly (as y = l v lk v ), the efficiency 
is given by 

(GO) 

Tins expression does not admit of simplifica- 
tion in terms of the temperatures 

Wo may thermodynamically consider that 
all tiro action talcos place m a closed working 
cylinder v 0> being the clearance volume 
initially iiilcd with a charge of mixture at 
pleasure p c and tomperatuie t e) the volume 
swept tin ougli by the working piston bemg 
( v e ~ %) l )or stroke 

Lot the total expansion ratio (vjv 0 ) be 


denoted by X. , the expansion ratio at constant 
pressure (vjv c ) hy cr , and the adiabatic com- 
piession ratio ( vjv 0 ) by l/ p Then by aid of 
equations (12) and (22) it is easily found that 
T = a r\, T'=(X/p)S 0> T 2 = ct 
and t 0 =py-lt 0 Whence, hy substitution in 
equation (50), and reduction, we obtam the 
result 


Efficiency = 1 - y 


r^x/p) 1 y+( 7 -i Ks/p)-^ 

\ (^ih 1 (ol > 

§ (31) The Diesel Engine — The other 
important cycle falhng within Class II is that 
of the Diesel engme m its present form As 
already stated, § (28), Diesel originally proposed 
to use the Carnot cycle, but m a papei read 
before the Pans Congress m 1900 he announced 
the cycle finally adopted after extended experi- 
ment as comprising the following five opera- 
tions peifomied during four strokes of the 
woikmg piston, the same vessel acting alter- 
nately as compiession pump and working 
cylinder ( Fig 15) 

(1) (1st Stroke) — Suction of air at atmo- 
spheric imessure LK 

(2) (2nd Stioke) — Adiabatic compression 
of this air, ICC 

(3) (3id Stioke , First Portion) — Regulated 
admission of the caibuiettmg agent (liquid 
or gaseous fuel) so as to maintain constant 



Pig 15 


pressuie dunng combustion for a portion of 
the working stroke CF 

(4) (3rd Stroke , Second Portion) — Cut-off 
of fuel supply and adiabatic expansion of the 
heated mixture to the end of the working 
stroke FH 

(5) (4th Stroke) — Opening of exhaust with 
immediate fall of pressure (and temperature) 
at constant volume HK, and subsequent 
expulsion of the burnt gases into the atmo- 
sphere during the exhaust stroke KL 

This completes the cycle , it will be observed 
that one working stroke only occurs m every 
four, and the cycle is accordingly of the 
“ four-stroke ” type 
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From F-ig 15 it is clear that the areas 
representing work done on the piston are 

During suction -j-LKNM 

During compression — K.LMN 

During working stroke +MCFHN 

Dunng exhaust — 1CLMN 

Net useful work per cycle = +CFHKC^ 

Thermodynamically we may obviously 
consider that the same mass of air is constantly 
enclosed within the woikmg cylinder, this 
being heated at constant pressure during CD, 
and cooled at constant volume dunng HK. 
Thus, m the ideal ease, the heat account is as 
follows 

Heat received = H = L v ( T — t c ) 

Heat rejected ~h~ L v { T 2 - T'j 
Work done- (H - h) = h p (T - t c ) - k v ( T a - T') 
And therefore 


Efficiency = 1 


h 

'H" 


1- 


ly(T 2 -T) 


= 1 - 


(52) 


Efficiency =1- 


(53) 


Jc^T-to) 

i t 3 -t ; 

7 T -t e 

This is immediately deducible fiom equation 
(50), which is reduced to the Diesel cycle by 
putting t Q = T' 

Similarly, referring to equation (51), this 
reduces to the Diesel case by putting X=p , 
and thus we have for the Diesel cycle 

vV-1 o-y-1 
(cr-l)y 

where 1/p is the ratio of adiabatic compression 
(vjv e ), and <r is the ratio of expansion at 
constant pressure {v v jv c ) 

This case includes also that of the numerous 
so called “ semi-Diesel J} engines, as, e g , of 
the Petter, Blackstone, Ruston, etc , designs 
As the constant pressuie expansion ratio, 
(r, is reduced towards the value unity, the 
value of the efficiency given by equation (53) 
continually approaches towaids the limiting 

value 1 ~(l/p) Y 1 

This conclusion of theory is appaiently 
realised in practice In Diesel engines the 
power is reduced by diminishing the extent 
of the constant pressure expansion, i e by 
reducing cr , the following figures from tests 
made by Mr Ade Clark show the indicated 
thermal efficiencies obtained 


§(32) Class III The “Coolant Volume 
Cycle— In this class is included by lar the 
hugest numbei of actual internal combustion 
engines, ranging from the eaily Lenon and 
Hugon types to the modem Cleik two stioke, 
and de Rochas, or Otto, foul stioke designH 
A veiy laige piopoition of tho enomiouH 
numbei of small internal eombuRtion engine's 
of the present day aie woiked cm tho Otto 
“ four-stioko ” cycle, while tho 01cik two- 
strolce cycle is oxtensn ely adopted m tho 
largei types of stalionaiy gas engines 

The Lenoir lhiqme — In tho Lenon gas 
engine (1800)— now completely obsolete on 
account of its voiy low efficiency -the modo 
of woikmg was evidently inspned by that of 
the ordinary steam engine Dunng the Inst 
poition of the stioke the woikmg piston chow 
into the cylmdei a (linage of coil gas and air 
at atmospheiie piessuio , at an anangod point 
a shde valve cut oil tho supply, and simul- 
taneously tho chaigo within the tyhndei was 
lgmted, the tompeiatmo (and consequently 
the piessuio) suddenly using gioatly , tho 
wozlnng stroke was then completed by the 
expansion of this mass ot heated high piessuio 
gas , dunng tho return stioke tho burnt gases 
weie exhausted into the atmosphere, thnn 
completing tho cycle 

Eurthei following the steam engine, this 
cycle was caused to occur alternately on each 
side of the working piston, thus making tho 
engine “ double - acting ” , thus a woikmg 
impulse was obtained in every stroke The 


Dmgi am of Lenoir Engine 
with Complete Expansion 
Compare Fig 26 



Engine 

Revolutions 

per 

Minute 

Indicated Thermal Efficiency at 

£ Load 

£ Load 

1 Load 

Pull Load 

80 H P Diesel 

160 

375 

412 


380 

160 HP Diesel 

157 

371 

427 

402 

- 397 


The Diesel cycle is clearly of the 
perfect ” class 


T ’ J 

10 1VI 20 30 40 £50 N 60 V 

For lib of Ah bcimoi i Volume in Cu Ft 
800° and 2000 ° C {Abe ) 

Fill 10 

Lenon engine worked very quietly and 
smoothly, but was abandoned on account ol 
its veiy high consumption of gas in favour 
of more economical types, 
Tho ideal diagram is shown 
m Luj JO, wherein it is sup- 
posed that tho cylinder has 
no clearance and that the 
expansion is earned so fai 
that the pressure at tho 
end of the stroke is that of 
the atmosphere Tho volume 
swept thiough per stroke by tho piston is AID , 
during the portion AB the caxburettcd oliaige 
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is ch vwn m at atmospliene pressure, doing woik 
ini the piston icpresented by the aiea + ABMO 
At B cut off occuis, and simultaneously the 
charge is ignited, explosion takes place, and 
tlio pressure suddenly rises as indicated by BE 
The heated chaige then expands adiabatic- 
ally, along FE, to atmospliene pleasure at the 
end of the stioke E, doing a, further amount 
of work on the piston represented by the 
area + MFEN, at E the exhaust opens, and 
clming the return stroke the burnt charge 
is expelled into iho atmosphcie, negative 
work being done upon the piston icpresented 
by the area - EAON , this completes the cycle 
The woik account is theietoie given by 
ABMO 4 MFEN-EAON oi BFEB , thus the 
useful woik done per cycle is represented by 
the area BFEB 

Thermodynamically the action is regarded 
as taking place in a mass of air (legal tied as a 
perfect gas) contained within a closed cylinder 
having a clearance volume AB, and piston 
displacement volume B E Initially, at B, the 

cleaiance volume contains an at {p 0 v 0 t 0 ) , 
heat is suddenly communicated, laismg the 
piessuie, at unchanged volume, to p 0 , 
adiabatic expansion then oeems to E , and 
during the return stioke heat is absti acted 
from the an at constant pleasure from volume 
to volume i' 0 In this ideal case we have 
therefore 

Heat received = II = l JT — 

Heat rejected = h = /u J ,(T / — i 0 )> 

Useful work clone 

h 

Efficiency = I - £ - 1 ~ l,(T - t c )[k „(T - 1 0 ), 
i e Efficiency = l-7m-r . (5 i ) 

1 &o 

This result may bo otherwise exploded m thno 
ways , foi by equation (12) (T/^)— (p c /p 0 ) = Il — Iho 
ratio of maximum to atmospheric pressure, wluio 
( t S} , /to)**{vdv 0 )**p, tlio latio oi adiabatic expansion 
lienee (54) may be written 

Efficiency = 1 - 7 (55) 

Again, by equation (22) 

iit~ l r=pyto, 

as T '=*pt 0 Ilenco (54) may also bo wntton 

Efficiency * 1 - (5b) 

Easily, as (T// 0 ), equation (5(5) becomes, m 
terms of the latio of the explosion temperature to 
the initial timperature, 

T ,„ , (i'it„) L ly-i .... 

ElTioioHoy=l-7^; | ,^ ) _ 1 (57) 

In general it was not found practicable to continue 
the expansion until atmospliene pi ess are was 

leached, the more usual oase being that m which 
the pleasure at the end of the stroke cxeoodod that 
of the atmosphere The ideal diagiam m tins case 


is shown m Fiq 17 , and it is dial that the lie at 
uceivcd, II, is the same as m the put tiling i use, 
vi/ II — /^(T-/,,) , the heat lejciteil, h, m, ho\u vei, 
now the sum ot that during tlio constant volume 
diop LIK, and tho constant piessuie Himnkagc KB, 
and thus 

A-=MT 2 -F) \L v (r~to) 

Ilenco the efficiency, l-/</lI, is ( xpiisseil by 


Efficiency =1 — 


U vrjfUT'-M 

L,(T-/ 0 ) 


re Efficiency =1- (58) 

(1 — to) 

Denote, as before, the latio of aduibafit expansion 
( v ol v o) by p, and file ratio of explosion picsmuc to 


M 

^ 100 

ID F(p„o„T) 

□ 00- 
tf'flo- 


\ Diagram of LenoirEngine 

70- 


\ with Incomplete Expansion 

S 00- 


\ Compare Fig, 20 

§«,- 
£40- 
g 30- 
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a - 30- 

A 
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FIQ 17 


atmospheric presume by II Then T -II/ 0 , r I Y~-f}t 0 , 
and by equation (22) T 2 s =T(l//t>)V " 1 ^ll(l/p)?“ U 0 
Acooidmgly equation (58) may also bo wntton 


Eflicienoy ~ I ~ 


BLW-li&y-V-y 

li- 1 


, (50) 


oi again, m teims of tho ratio (T //„) only, 

Ulliciouc v = 1 - V ^ (00) 

(I -l‘o) “* I 

when Ta^T', II(l//i)’V and equation (53) then 

reduces to equation (55) Also an II jT// 0 * P y 'dual 
T fl «=T', equation (50) then leduiiH to equation (57) 
The ofiiueney is dimly loss m this than in lliopio- 
eecling ittse, since, with the same o\pon<hliuo ol heat, 
the tiselul wink area is less by tlio amount K II 10, due 
to tho incomplete expansion 


§ (33) Clash HI ((ontimted) (i ) The 
Free Futon Engine - — Tho Lenoir typo of 
engmo was superseded by a singular design 
originally pro posed by Biusanti and JVIailucoi 
(1857), but fust rendered practicable by Otto 
and Langcn in their “ Free Piston Engine ” 
of 18(37 This essentially comprised a very 
long vortical cylinder fitted with a heavy 
free piston beneath winch a charge oi 
oaibuietted air was exploded, driving the 
piston, upwards as a piojeotilc is driven from a 
gun , tho heavy piston acquired considerable 
momentum, and continued its upward motion 
until the working mixtuio had expanded to 
about six times its anginal volume and to 
a pressuie considerably below that of the 
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atmospheie Duiing its descent by gravity, 
and excess atmosplienc pressuie upon its 
uppei surface, it engaged with, and diove, 
the ciank-shaft through a ratchet and pawl 
device The engine was excessively noisy 
and mechanically unsatisfactory, but the 
rapid and extended expansion, and subsequent 
slower cooling, of the working mixtuie 
resulted m a considerably increased efficiency 
compaied with earlier types 
An ideal diagram is shown m Fig 18 , 
the charge of carburetted ail at atmospheric 
piessure p 0 and tempeiature t 0 is drawn into 
the cylinder as indicated by AB, and exploded 
at constant volume v 0 (=AB), its pressure 
rising to p c and temper atuie to T as indicated I 
bj BF , the piston immediately uses rapidly, 
the charge expanding achabatically i o E when 
the piston momentaiily stops The downwazd 
(working) stroke now follows under the com- 
bined action of gravity and excess atmospheric 


>F(o o T ) 



Diagram of Otto & Langen 
Free Piston Engine 
with Complete Expansion 
Compare Fig 27 


Atm ospher i c Line 

so thermal Compression 

Adiabatic Expansion 


I TOO 200 100 600 800 1000 1200 

For lib of Air between J/olume in Cu Ft 
300° and 2000° C (Abs J 


(n ) The Bum da Bodnts, <» Olio, and 
the CleiL Cydes ■ — Kindly there rein tin lo 
he consideitd engines woiknm upon the 
Beau do line lias, or Otto, “'lour stroke/ 1 
and the Clork “ two -stroke ^ < y< les, whsh 
may be considered to uu hide between them 
all mt einal combustion engines oi the present 
day In all these engines (ombustion 
is caused to ocuu at constant volume 
with previous tompusMon oi the working 
charge 

§ ( 34 ) Till 5 OuoKK CycU) - The Just ruse 
to bo taken is that in which as m tin* 
Cleik cycle — the engine comprises a eom- 
piession pump and separate working o\lmd< r, 
the compiessmg pump hiking in a c ,ii - 
buietted chaigo at atmospheric piossure and 
tempeiatuio and lomptossmg this oilier 
dncotly into the combustion elinmbei oi tiro 
woikmg cylmdoi, or mto an interim di.ilc 
receiver fiom ivliuh the woikmg olmriei in 
turn takes its compiossed charge, w hit h is then 
ignited (exploded) at constant -volume, and 
perforins tlio woikmg stroke by its subseqmut 
expansion, 

Six separate operations may bo hem dis- 
tinguished, vu 

(1) Pump suction— Charging the pump 
With carbmottecl air 

(2) Pump Compression— Compressing the 
chaigo mto the receiver, or combustion 
chamber of working cylinder* 

( 3 ) Supply ol oompi eased chaigo horn 
iccexvoi to working (ylmdor, when imuvei 
is included 


Pig 18 


pressure, the mixture being compressed 
isothei mcdly from E to B— due to the slowness 
of the worlung stroke, and finally expelled 
at constant pressure as indicated by BA 
As before, the useful woik done is represented 
by the area BFEB , cleaily also the heat 
supplied, H, is expressed by H~Z V (T -£ 0 ), 
while the heat rejected, h, is given by 
h~Bit 0 log e r, ’where ? is the ratio of isothermal 
compression ( vjv 0 ) , vide § ( 18 ) 


Hence the efficiency =1 
as B- = £3, — Jc vf 


lb __ 1 Kf 0 log e y 


Efficienoy=l (61) 



Efficiency /no\ 

(T/g-r (G2 > 

which expresses the ideal maximum efficiency of 
engines of this type 


( 4 ) Explosion of charge at constant volume 
m woikmg cylmdoi 

(5) Expansion of exploded charge dmmg 
woikmg stroke 

(6) Expulsion of exhaust gases at the end 
of the woikmg stioko. 

In considering an ideal diagram for this 
case the following assumptions ate made 

(1) That tho charge is corn pulsed mint- 
batieally 

(2) That none of tho heat of compression 
is lost m tho locoivcr 

( 3 ) That tho chaigo is neither heatul nor 
coolod on entering tho combustion chamber of 
tlie woikmg cylinder 

(I) That tho explosion occurs instant nuo- 
°nsly, and without any loss of heat to the 
walls of tho combustion chamber 

( 5 ) That tho expansion during the Working 
stioko is adiabatic, 1 e that no boat ext Image 
takos place with tho c ylmdor walls, or piston 
crown, during expansion. 

(6) That there are no losses by tin oft lm" 

or back pressuie 0 


, . o usHumn*. 

lions is shown m 10, whoiom ^ JH 

supposed that tho expansion is oontiuued ho 
tar that the pressure has lallon to i>t — that of 



ENGINES, THERMODYNAMICS OF INTERNAL COMBUSTION 


285 


the atmosphere — a condition not piacti- 
cally attainable, and also that the working 
cylmdei has no clearance , thus the pump 
volume is AB, and the working cylmdei 
\ olume AE 

Ruling the pump suction stroke a volume of 
car bui cited an is taken m at atmospheric 
piessuie and temperature represented by AB, 
doing woik + OABIv upon the pump piston 



This is nc\t compressed adiabatically along 
BO and delivered into the receiver at the 
constant pressure p c along CQ , thus the 
pump diagram is - OKBCQO 

The cliaige next enters the cylinder along 
QG, doing work 4 OQCM upon the working 
piston, and is then exploded at constant 
volume v c , the pressure instantly using as 
indicated by CE, with subsequent adiabatic 
expansion EE, to atmosphcnc pressure at E, 
doing woik upon tho piston lopiesentcd by 
4 MEENM At E the exhaust opens and tho 
burnt gases are expelled at atmospheuc pres- 
sure p 0 , doing woik icpiesented by -EAON , 
this completes tho cyclo 

The woik account is therefore 

4- OABK - OKBCQO 4 OQCM 

4 MEENM - EAON= -\ BCEEB, 

and thus tho useful work dono poi cycle is 
ropiesentod by tho onclosed area BOEEB. 

Thermodynamically tho whole action may 
bo conceived as taking place m a closed 
cylinder of clearance volume AL, LE being 
tho volume swopt through by tho piston 
Commencing at tho point 0, heat .II is added 
to tho clutigo to an amount given by the equa- 
tion II=:/^(T - t 0 ) , dunng expansion there is 
no communication of heat, during exhaust 
from E to B heat, h f is i ejected, given by 
7bs=sJr 9 (T'-l 0 ) , while during compression BO 
there is no communication of heat 

Hence tho efficiency, 1 -h/Jt, is expressed 
by 

/vi - 1 0 ) i _ JT' - t 0 //Qi 

Efficiency = 1 - ~ 1 \- t ; ^ 

Tlio eflioienoy may also he expressed in terms 


oi T, t 0 , and tho i itio of adnbntio tompicssion 
1 lp=(Volv 0 ) Ifoi, by equation (22), 


and 

But also 


whence 


-py-'io, 

\y-K 


r=^y _ 1 / V/v 


Thus (G2) may ho written 

n\ J-i/vm Vy 

EAicicnoy = 1 - <(’<) 
As and r-~{i„lp)y~ Urv'fv, rt 

follows that 


which c\pi0HS0H tho ulation holy con tho it mpoiatutoN 
at tho four comas of tho ch igiam 

If, as m piovious casts, the total expansion latio 
(v e jv G ) bo denoted by X, then 


T=^'V”V«X' 1 '- V, 


whoneo 
Iloneo, as 


T=(- r 
\ P 




wo have, on substituting m equation (<>3) andieduemg, 
the expression for the olhcunty m terms of l ho total 
expansion and adiabatic compression ratios nloiw, 


Eflieiouoy 


y(Xlp-l) 

i 


. W) 


As p approaohos X m value this expression continually 
approximates to 1 — 0/pP , ’~ ^ as a limiting value* 


§ (35) Tub Ox, mu Gyolb with lNooMM’dflTfl 
Expansion. — A ctually it has not boon found 
practicable to continue the expansion so Ear 
that tho piosBuro falls to that of the atmo- 
sphere , the next oaso foi consideration, 
therefore, is that m which tho piessuio at 
tho end of expansion oxceeds that of tho 
atmosphoie 

An ideal diagiam is shown m fhg 20; 
as bofoio, the lieat supplied is 11 -^(T~£ n ), 
while the heat rebooted is now given by 

-y 


Henco tho offioionoy, 1 - 7i/II, is given by 

E(r 1Ci cnoy=l-^^- , T (r “ W (07) 
As la s= T( 1/Xjv - 1, t 0 ~ l 0 py - J , and T v * ( X/p)/ u , 
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we have on substitution and reanangement 
from equation (67) 


Efficiency = 1 


(T/L)Xl-Y + ( 7 -l)(X/p)-7 


(T/g-^- 


( 68 ) 


when T i= T', (T/«„)=X v /p, and (68) then re- 
duces to the previous case, viz equation (66) 



Clerk Cycle Diagram 
Incomplete Expansion 
Compare Fig 28 


■ rs W 

10 20”“ SO 40 
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FlG 20. 


§ (36) Tiie Beau de Bochas, on Otto, 
Cycle — The last and most important of 
all cycles of internal combustion engines 
is the “constant volume” cycle first pro- 
posed by Beau de Bochas m 1862, and 
practically realised by Di Otto m his 
famous “ Otto Silent ” u gas engine ” of 
1876 

In this cycle there is no sepaiate compressing 
pump, its function being discharged by the 
woikrng cylmdox itself The sequence of 
operations is as follows, “ stroke ” refernng 
to that of the working piston 

(1) Suction of carburetted charge of air 
during the whole of the fiist out-stioke 

(2) Compression of the charge into the 
combustion chamboi of tho cylinder during 
the whole of the fiist m-sii oke 

(3) Explosion of charge at end of first 
in stroke 

(4) Expansion of heated charge during tho 
whole of the second outstioke, this is the 
<e woilung stroke ” 

(5) Exhaust of tho burnt gases into the 
atmosphere during the wholo of tho second 
m-stioke 

Thus tho cycle lequues for its per- 
formance foui consecutive stiokes of tho 
working piston, whence tho toim “four- 
stroke ” cycle , and only one working impulse 
is obtained for each two revolutions of tho 
crank-shaft 

An ideal diagram is shown m Fig 21 
Dunng the first out stroke the piston draws in 
the charge at atmosphouc pressure, along LK, 
work being done on the piston repi esented by 
the area + MLK3SF During the return stroke 
the volume AK is adiabatically compressed 
along ICO to QC, the work done being repre- 
sented by - NKCMN 


Explosion is caused to oecui at 0, and the 
pressuie instantly uses, at constant volume, 
as indicated by CO , dunng the second 
out-stioke the heated gases expand adiabatic- 
ally along Ell, doing woik on tho piston icpie- 
sented by +ME1INM, and at 11 tho exhaust 
is opened to tho atmospheie causing instant 
di op of piessurc at constant volume I IK 
Dunng the second m-stiokc tho burnt gases axe 
oxpelled along KL into tho atmospheie, 
work being done lepresonted by -NK.LM, 
this completes tho cycle Tho woik account 
is therefoie 

+ MLKN - NKCMK-l- MEI1NM 

- NKLJVT s= + CEHTCC , 

thus CFHKO lepresonts the useful woik done 
pci cycle 

Thermodynamically tho action may bo 
conceived as taking place m the same mass of 
an always enclosed m tho wot king cyhndoi, 
and subjected to the opoiations indicated by 
KC, CE, EH, and IIK , thus tho heat iccovod 
is H=7^(T-; 0 1, while tho heat i ejected is 
h~L v (T 2 -t 0 ) IEeneo tho ofiieiency, 1 — /r/fl, 
is given by tho equation 

Efficiency =1-^? (69) 

This may bo simphbed and oxpiessed m two oilier 
important ways Foi by equation (12) and § (22) 



FIG 21 


Prop 2, wo liavo T Jt 0 -* pjpo P/po T//„ 
Hence t 0 /t 0 =T 2 /T, and alsuT a - t 0 f T — 1 0 -tolU T/P 
Accordingly 

Efficiency -1- (~), (70) 


and tlms in tins cycle the oiTiou noy depends, m tho 
ideal case, only upon tho latio of tho absolute 
temperatuu'8 at the beginning and end of composition, 
and is independent ok the explosion tompoialuro 
Obviously (70) may also be written 

Efficiency » 1 - (T a /T) 

winch expresses it m tonns of tho ratio of absolute 
temporaturcs at tho beginning and end of expan- 
sion , it ib obvious that tho cycle ih “ Impufeet ” 
The second important aimplification of (00) is 
tho expression for tho efficiency m terms of the 
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(acliab itie) ratio of compression (I/p) 
by equation (22) 


©-er-©’ 


hence by (70) 

Efficiency ==1 — 


©’ 


We have 


(71) 


showing that m the ideal Otto cycle the efficiency 
depends upon the compiossion ratio alone 

§ (37) Efficiency Formulae — On compar- 
ing equations (32'), (48), and (71) the mteiost- 
mg fact emerges (hist pointed out by Oallondar) 
that m the three typical ideal cycles of constant 
temperature, constant pressuie, and constant 
volume, the efficiency is expressed by the 
same formula, w 

Efficiency = 1- (2) 7 , (71) 


where (1/p) is the ratio of adiabatic compres- 
sion, and is thus the same, for the same value 
of p, m all thiee cases 

It must bo remembeied, howevei, that m 
the constant temperature (Carnot) cycle the 
adiabatic compression raises the temperature 
of the working substance tluough the whole 
lango from the lowest to the highest between 
which the engine woiks, whence m this case 
the value of the efficiency is an absoluto 
maximum, as has been shown In the othor 
two cases the adiabatic compression does not 
laiso the substance from tho lowest to the 
highest tempoiature, and the expression for 
tho efficiency has a value necessarily less than 
in the Carnot case, though a maximum m 
each case for tho particular cycle considered , 
those are, therefore, “ imperfect ” cycles m 
the sense as explained m § (2) supra 

In the constant tempoiature cycle all heat 
is received and rejected at constant temper a- 
tuio , m tho cycles of constant pressure and 
constant volume heat is recoxved at rising, 
and i ejected at falling, temperature , also m 
tho Carnot and Bray ton cycles the expansion 
is “ complete,” which is not tho case m the 
Otto cycle Examination of equations (61), 
(53), and ((>0) shows tho manner m winch tho 
value of the efficiency is further diminished by 
changes m the cycles imposed by practical 
considerations 

^ (38) Temperature - entropy Diagrams 
of Typical Cycles — In Figs 22 29 arc 
shown T - </> diagrams for tho typical oycles 
of Classes I , II , and III , togothor with 
actual numerical values of maximum efficiency 
for uniform upper and lower absoluto tem- 
perature limits assumed at 2000° C and 
300° 0 respectively Fig 22 shows the T - <p 
diagram for tho constant temperature Carnot 
cycle , as already pointed out (vide Fig 6 and 
text) this takes the foim of a rectangle, and 
the efficiency — which is mdeiiendent of the 


breadth of the i entangle — is here an absolute 
maximum m value of 1 - 300/2000 = 0 8*5 
§ (39) Tiie Brayton Engine — Fig 23 
shows the T~</» diagram of tho constant 
pressure cycle of the Brayton engine, with 
completo expansion, as described m § (29) and 
Fig 13 The entropy along the adiabatic 


T 

2000 


T-<j> Diagram for"ConstantTemp n (Carnot) Cycle 
Coinpat o Figs 9 & 12 


ci.1000 

S 


h 


Isotheimal Expansion at T 

T=2000°C t -300^0 (Abs ) 
£//,o/e»c</=^ = 0 85 ■ 


Isotheimal Compiesslouatt 0 


+ 0 1 +0 2 +0 3 

Enti opt} fi om (j> Q 
ElG 22 


+ 0 4 0 


compression is taken as an arbitrary zero , 
thus on any voitreal, as MI m Fig 23, take 
the point B at tho 300° C level Then, by 
aid of equation (21), t 0 ~(p 0 l!Pa)v~ Vv, and 
taking p c = 70 lbs per sq m and p 0 = 14 7 lbs 
per sq m, determines £ 0 “168° 0 , this gives 
tho point 0 on Ml and thus determines B0, 
the isontropio corresponding to tho adiabatic 
compression of Fig 13 Through 0 draw the 
cui vo whoso equation is </> = k p log t (6/i c ) (see 
oquation (38)), and lot tins cut a horizontal 


T-<f> Diagram of ^Constant Pi essure'* (Brayton) Cycle 
with Complete Expansion Compare Fig 13 



through 2000° 0 m F , then 0E on Fig 23 re- 
presents tho constant pressuie expansion lino 
of Fig 13 Through E draw a voitical meeting 
tho ourvo </>=-/<•„ log* (t/t 0 ) m E, then EE is 
the isonti opic coirespon cling to tho adiabatic 
expansion line m Fig 13, while the curve EB 
represents tho constant pressuie compression 
of Fig 13 

Agrooably with equation (10) (see also Fig 5) 
the efficiency m this case is expressed by the 
ratio Aroa BOFE/Aiea M0FN, which, by direct 
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plammetno measurement — as may be verified 
by calculation from equation (45) — has heie 
the value 0 36 

The corresponding Carnot engine would take 
m heat MIEN, and reject heat N3BM, with 
coi responding efficiency of 0 85 The Biayton 
engine takes m the smaller quantity of heat 
MCEN and i ejects the laiger quantity NEBM, 
with resultant reduction m the value of its 
efficiency to 0 36 

§ (40) Tiie Buayton Engine with Incom- 
plete Expansion — Fig 24 shows the T-0 
diagiam of the Biayton engine with incomplete 


T~(p Diagram of“Constant Pressure”(Brayton) Cycle 
with Incomplete Expansion Compare Fig 14 



expansion, as shown m the pv diagram, Fig 
14 The tenipoiatuie T 2 at release 11 is taken 
as 1450° C , and the diop of pressure J1K at 
constant volume m Fig 14 is represented on 
the T - <f> diagram by the curved lino IIK 
calculated from the equation <f> — l v log t (T a /£) 
Fig 24 differs from Fig 23 only m tho 
useful heat area being i educed by the amount 
EIIK, which thus represents, m this case, the 
loss caused by incomplete expansion, and 
reduces the efficiency fiorn 0 36 to 0 33 
§ (41) The Diesel Engine —Tho T - </> 
diagram of the Diesel engine is given m 



Fig 25 Initially (see Fig 15) T' = 300° C , 
atmospheric pressure (14 7 lbs), while p 0 


is assumed at the value usual in practice, 
viz 500 lbs per sq m , and T — 2000° 0 
Then by equation (21) 

h = (I’o/Po) 1 - x /v * T ' = V , 
thus tho points K and C may bo detoi mined, 
and KC on F*q 25 is then tho laontiopie 
coirespondmg to tho adiabatic compicssion of 
Fig 15 

Through 0 the curve <f> = l v log fl (ljt { ) is 
next drawn, cutting a horizontal through 
2000° C at E, while through K tho cmve 
log t (t/V) is drawn cutting a vertical 
thiougli F m II Then Eli is tho lseutiopic 
corresponding to the adiabatic expansion, and 
IiK coi responds to the constant volume 
piessmo drop at leloaso of Fig 15 

Eor the efficiency in this case, either by cal 
dilation from eq uation (52) oi by du o< t moasur o- 
ment fi om tho chagiam of tho ratio, wo have for 
the Area KOEIIK/Aioa MOENM the value 0 55 
§ (42) The Lenoir Engine — In Fig 2(> is 
shown the T -r/> diagram of tho now entirely 
obsolete Class III Lenoir ongmo, with com- 
plete expansion, whoso pv diagram is shown 
m Fig 16 Tho diagram is constructed fry 
taking tho point B at 300° C on any vortical 
and drawing through this ppmt tho cuivo 
<f) — h v log e (£/£„) out tang a horizontal through 
2000° C m E , thus BE ropi csents tho 

T~<p Dlag 1 ! am for rt Comtant Volume” (Lenoir) Cyda 



Cvinstant volume pressure lncroaso duo to the 
explosion {Fig 16) Through E draw a 
vortical, and through B draw tho curve 
<l> “ ky log e (£/£ 0 ) meeting this vortical m 10, 
then tho rsontropic EE corresponds to tho 
poriod of adiabatro expansion, and tlio curve 
EB to tho constant pressure compression of 
Fig 16 , tho point E obviously gives tho 
temperature T v , hero 1162° 0 , as may bo 
verified by direct calculation 


Efficiency^ 


Area BEE 
AimMBENM^ 


0 29, 


as may also be dotermmed by equation (54) 
The dotted lino HK on Fig. 26 is tho 
modification in the T-</> diagram duo to 
incomplete oxpansion (comparo Fig 17), the 
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lempaatuic at leleasc II is assumed, at 
1 100° C , and the tuive II K is plotted from the 
equation </> = /„ log t (1400/B where (f> is the 
dcfoc t t>f entropy below that of II, viz 0 321 
Tho c (h clone y, being the value of the latio 
Aioa BFHKB/Aica MBFNM, is now reduced 
to 0 25 

ij(l3) Frfk Piston Engine — The ideal 
T -</> diagiam of the Otto and Langen free 
piston engine is shown m Fig 27, with which 
Wig 18 may bo compared Tho initial point 
is B at 300° 0 and the explosion laisca 
tho temper atm e, at constant volume, to 2000° 
0 , this is lopLosentod on tho diagiam by 
tho cm vo BP, plotted from the equation 
log, {t/tf,), cutting a horizontal tluough 
2000° 0 in h Tho vcitical PE is the lsen 
tuque eoiiespoiulmg to the subsequent adia 
bake expansion dunng the use of the heavy 
Ci co piston, vvlulo the horizontal line EB 
represents the isothermal compression of 
tho gases dm mg tho working down- stroke 
Tho ollieicncy, cutliei by dnect measuiement 


T - <f> Dlagtmn of "Constant Volume’^Ftee Piston) Engine 



from the diagram of tho value ot the ratio 
Area BPPB/Arca MBPNM, or by calculation 
from equation ((>2), has hoie the i datively high 
value 0 00 , companson with the pxevious 
diagiam (Fig 20) elcaily shows the mannei m 
wlueli tho efficiency is increased m value as a 
result of tho compression being isothermal 
instead of at constant pressure 

^ (4,1) ('Limit Engine — Tho T diagram 
for the Hoik constant-volume cycle, both with 
complete and incomplete expansion, is shown 
m Fig 28 , compare AV/s ID and 20 Tho 
initial point B is at 300° G and the compression 
tempouvturo t 0 is assumed at 500° C , thus 
BO is the isentiopio of adiabatic compression 
Tho our vo OF representing use of tern- 
poratiu o at constant volume (i e explosion) 
is next plotted from the adiabatic equation 
(f> — h v log t (t]& 00), and by its mtcrsootion with 
a horizontal through 2000° C determines 
F , a voRical through F thou meets the 
curve 0 — li p loge (i/300) at E, and FE is then 
tho isontropio of adiabatic expansion, while 


EB represents the operation of compression at 
constant pressure 

When the expansion is incomplete, assuming 
that at release the temperature is 1G00 C Q 
the curve HIC, plotted from the equation 


T=2000*c t Q -30Q*C (Abs ) 
Efficiency - 



0 235 -<p — Jc v log e (1000/ik is the T-0 hne 
corresponding to the pressure drop at release, 
with corresponding 'loss of useful work-heat 
represented by the area EHK 

By measurement from the diagram of the 
latio Area BCFEB/Area MCFNM, or by calcu- 
lation from equation (63), the efficiency with the 
data assumed, when the expansion is complete, 
will be found to have the value 0 52 In the 
case, as taken, of incomplete expansion, the 
efficiency is reduced m value to 0 48 

§ (45) Otto Engine — In Fig 29 is shown 
the T - 0 diagram of the “ Otto ” or “■ Bean 
de JRochas ” cycle, of which the pv diagram 

T~4> Diagram of “Constant Volume”(Otto) Cycle 



is given in Wig 21 As before, the initial 
point K is taken, on any vertical, at 300° 0, , 
the temperature of compression, t c , is assumed 
at 600° 0 , hence the vertical line KC is the 
isentropic of adiabatic compression 

From C the curve <f>=1c v log e (i/600) is next 
plotted, cutting a horizontal through 2000 C. 

U 


VOL I 
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m F , then the cuive CF represents the 
mciease of entropy during the explosion 
Through F a vertical is drawn mteisectmg the 
curve (j)~h v log t (t/3 00) m H , then FII is the 
isentropio of adiabatic expansion, and the 
curve IIK coi responds to the diop of pressuie 
at constant volume which occurs at lelease 

The efficiency, either by direct measui ement 
of the ratio Aiea KCFHK /Area MCFNM, 01 by 
calculation fiom equation (70) has heie the 
value 0 5 

§ (46) Ideal Efficiencies — Hence for a 
temperature range from 2000° 0 (abs ) to 
300° C , and with the othei data assumed m 
the foregoing paragraphs, tho maxima ideal 
efficiencies m the several cases considered 


have the following values 

Cainot (constant temperature) 0 85 

Otto and Langen free piston (constant volume) 0 G(> 
Diesel (constant pressure) 0 55 

Clerk (constant volume), with complete 
expansion 0 52 

Clerk (constant volume), with incomplete 
expansion 0 48 

Otto (constant volume) 0 50 

Bravton (constant pressure), with complete 

expansion 0 30 

Bray ton (constant piessure), with incomplete 

expansion 0 33 

Lenoir (constant volume), with complete 
expansion 0 29 

Lenoir (constant volume), with incomplete 
expansion 0 25 


§ (47) Practical Considerations — Thus 
the efficiency of the Carnot 1 Perfect ” cycle js 
substantially greater than that of any of the 
others, while the Otto and Langen engine has 
an efficiency — when isotheimal compiession 
is realised — second only to that of the Cainot 
For the purposes of piactical power produc- 
tion, however, it is not enough that a cycle 
should be of high ideal efficiency , m older th it 
an engine may be practicable it is nceossaiy, 
mtei alia , (1) that its cycle can be effectively 
performed m a veiy slioit time, and (2) that 
the zatio of mean effective pressuie to maxi- 
mum pressuie shall be as high as possible 
If (1) cannot be attained the engine can 
only run slowly, and is thus bulky and weighty 
m relation to the powoi developed by it If 
(2) is not realised, then smeo the engine must 
lie designed to withstand the maximum 
pressure developed it is necessarily weighty and 
costly lelatively to its power output 
These two conditions have, so far, piactically 
excluded all but the Otto, Diesel, and Clerk 
cycles, and it is of inteiest to determine m 
the several cases of § (46), the values of the 
maximum pressure, the mean effective pres- 
sure, and the latio of these 
The mean effective pressure, p m) is tho 
average height of the closed figure on the p v 
diagram repxesenting the useful woik U 
(ft -lbs,) done per cycle , if p m be m lbs pei 


sq m, and if V be the greatest, and v the 
least, volume (m cub ft ) of the woilving 
substance, then 

U 

i,m = 14i(V^) lbs PP1 H<1 m ( 72 > 
The maximum piessuie developed will be 
denoted by P, and m each case it is considered 
that the engine uses 1 lb of an, initially at 
atmosphene pi essure p 0 of 14 7 lbs pei sq m 
and tcmpeiature ^=300° C (ribs'), whence, 
by equation (129, its volume ?» 0 -=13 6 cub ft 
§ (48) Maximum Pressures The Ganwt 
Cycle Value of pJF — The calculation lioio 
is conveniently conducted as follows As 
T — 2000° C and /„=300°C wo have, by equa- 
tion (32), foi the value of the adiabatic latios 
p = (2000/300)2 45 =r 104 3b , thus tho nitios 
of adiabatic expansion and compiession must 
necessanli/ each have tho enormously huge 
value 104 36 The isotheimal latio r is 
arbitrary , if it be assumed as 2, then, by equa- 
tion (30), the total expansion latio becomes 
X=2x 104 36=208 7, a value, it is needless to 
point out, entirely out of tho question in any 
actual engine 

The maximum piessure P is obtained by 
aid of equation (12) and is given by 

= about 20,450 lbs pei sq m , 
oi loundly 1400 atmospheies 
Again, by equation (72), 

u c(T-/)log„) 

Pm ~1 UV( l - ( L/X)) “ 144V(1 - (] /X)) 

(mdc equation (12')) , thus 
96 x 1700 * log e 2 

^ = Hlx]3 0<0 996” C8,bH pel K( l m - 
so that the ratio of mean effective to maximum 
picssmeis only 58/20,450 , 01 about l/353id pait 
Any such maximum pressuie as 20,450 lbs 
pei sq m is of etmtso entiioly impossible in 
piactice, and it will also bo olwcuved that 
the mean effoctivo piessure is only a Hinall 
fi action of tho maximum pressure Tho cycle 
is entirely impracticable 
Tho design oi an ongme is dominated by tho 
maximum pressuie to bo provided against , 
if wo take this at tho value adopted in the 
modern Diesol engine, viz, about 500 lbs per 
sq m , and also if tho upper tompenituio 
limit bo assumed at tho low value oi only 
800° 0 wo shall have N-=13 05, /> = 11 06, 
r = I26, and p m =6 l lbs per sq in Thus 
even lieio the mean effective piessuie is only 
l/82nd of the maximum piosmue, and has 
the trifling value of only about 6 lbs per sq m 
when the Carnot cycle is taken 
§ (49) The Otto and Langen “ Free 
Piston” Cycle, Ratio of pJV ,Soo 
§ (33) and Figs 18 and 27. Here T =2000° 0., 
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~ ‘400° C (abs ), = 14 7 lbs pei sq m , 

id v (i ~ 13 C cub ft 

Tlie icmairung quantities may be thus 
r a,luated 


fp„ = (T/ffl) give s po =08 lbs sqm, 

i'»y — p t i\ y, and. 2 Wo — P«Ve gives v 0 =1 410 4 cub ft , 

id ilso pe = 014 lbs /sq m , 

= Ve/Vn glVGS ? =104 4, 

^ J A d(T - to) - Cta log c 7 gives U = 2 OS, 420 It -lbs , 

on by Eq (72) Pm =1 <20lbs /sq ui , 

Hi pm/P=pm/PoRl\68 Pm/P-lfl ltll 

TIius the ideal cycle m this case lequucs 
total expansion of 104 4 times the initial 
ilume, and gives a mean effective piessuio 
only 1 326 lb pei sq m , which is but 
f 74tli of the maximum pressuic developed 
Moieover, m ordei to appioxnnate even 
Highly to isothermal compiession on tho 
turn stioke, it was necessaiy to uni these 

00 piston engines very slowly, and they veie 

1 consequence exceedingly cumbrous and 
ii lushed but a trifling power lelatively to 
ion bulk and weight, notwithstanding their 
Lgli theoiotical efficiency 

A senes of tests made by Cleik m 1885 on a 
b.p engine with a cylmdei 121 m m 
uvmetei showed that the maximum stroke 
as 40 J in , and l h p 2 9, with 28 explosions 
n minute, couespondmg to a mean effective 
rossure of lbs j)er sq in , the total 
vprtnsion ratio attained was, howevei, only 
bout 0 

Tho b h p was 2 0, and tho mechanical 
Uoiency therefore 70 pei cent Tlie con- 
imption of coal gas was 24 b cub ft, poi 
li p hour, ooi responding to an (indicated) 
lormal efficiency of Oil Even tins con- 
1 1 upturn, howevei, marked a notable improve- 
lent upon tho results obtained with tho oaxliei 
onoir and Ilugon engines , tlie hugest engine 
L&cle of this very noisy free piston typo was 
ily of 3 h p 

§ (50) Tim Diesel Cycle , Ratio oe pJP 
-See § (41) and Fig 15 llcro 

2 ? 0 = 11 7 lbs per sq m , 
v tf =13 (S cub ft, 

T'=300° a (abs ), 

^ 0 =: 500 lbs jici sq m, 

= ^ y v 0 = 1 112 cub ft , 

\PoJ 

f « =1 ' t %' l, ' 0=:833 ° 0 (llbs) ’ 

T = 2000° C (aba), 

„=^?L = 2 67 cub ft, 

M 144p 0 


a 


V 0 


=2 4, 


/> = -'— 12 23, 

Vq 

,nd T 2 = (£) v ~ J T = 1043° 0 (abs ) 


il on co ( vide (31)), as U = l ,(T - t t ) - i „(T , - T), 
ve have U = 151 (>7 OTliU of useful work, 
and theiefoic, by equation (72), 


151 57 x 1400 
12 488 


= 118 lbs pei hq m 


Thus tho moan effechve piessuio has lieu* 
the high value 118 lbs pet sq in , and 
p m j P — 1/4 24, a veiy gieat advance on piovious 
iiguies In actual piaetieo mean elTteiivc 
pressures of 100 to 115 lbs pei sq m aio 
oidmanly realised, with an aveiago (indicated) 
theimal efhcienoy of 0 4, and involution 
speed, in stationaiy types, of 200 pei minute 
Tho Diesel cycle thus satisfies tho lequno- 
ments of actual piaetieo veiy fully 
§ (51) The Riau de Rochas, or Otto 
Cycle, Ratio op p m IF — See §§ (30) and (45) 
and Fu p 21 and 29 Iloic also 

p 0 = 14 7 1bs pei sq m (abs), 
i\ — 13 0 eub ft , 
i o =-300 n C (abs) 


t tt is assumed at 000° V (abs ) , 


whence 2 489 eub ft, 

dlld p ^ j ^ ^ *9 

_ -100 7 lbs pel.' H(j in (nl)H ), 

Vc ]44(i„ 

!»=Jp 0 -{>3fi71bH pm mi m (libs), 
T-2()00°0 (abs), 

T a - h„ — 1000 n C! (abs), 

ia 

<)(/r 

ami Pc - [ 4 u ; ~ 10 11 lbM pel sq m 

r rhe usoful work done is given by tho equation 
U - k ,(T ~l< I 1 ) - k v ( r X\ ~ k) - 1 18 23 ( I Tli U - 
whence, by equation (72), 


Ihi- 


1 100 x 118 23 
MtxlMJ 


= 103 5 lbs poi sq m , 


and tho latxo p M /P has the value 1/4 84, 
which is oi the same older as that obtained 
m tho ease oi the Diesel cycle 
& (52) The Constant pressure “Bray- 
ton ” Cycle , Value op p mi Etc - See 
29, 30, and 39 anti Flip s 1 1 and 23 , tins 
oycle is practically peifeeted in the modem 
Diesel engine, but it is of intercut to evaluate 
p m , as its ratio to P was, both m theory and 
practice, verv high As illustrated in Figs, 
If and 23 wo have hero 


52* -14 7, 


Vq ~ 1 3 5, 


t a - 300° (J 


JP.» 70, 
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whence, by equation (21), 

*,=468° C, 

and therefore 

v e = |® x A =4 47cub ft 
144 xp 0 

T 

Again, Vp = r-v c = 19 05 cub ft , 

Lj 

and thus cr=4 26 (vide equation 51) 

T 2 is assumed at 1450° C , whence, by equation 
(22), v e =41 9 cub ft, so that the total expan 
sion ratio X=9 4 


_ 96 y t 2 
Pe ~Uixv e 


= 23 2 lbs per sq m , 


and r=-%=925°C (abs ) 

Vq 

Hence, from § (30), U = 126 74 OThU of 
useful work, and accordingly, by equation (72), 


Vrti~ 


126 74x 1400 
144 x 37 43 


= 33 0 lbs per sq m 


The effective maximum pressuie is (P -14 7) 
lbs per sq in =55 3, which is only 1 68 
times p m — a very satisfactoiy featuie of tho 
cycle 

A test of a Brayton petroleum engine of 
about 4 b h p , made by Clerk m 1878, 
showed a maximum pressure m the work- 
ing cyhnder of 47 lbs per sq in , a mean 
effective piessure of 30 2 lbs per sq m , 
and a consumption of peti oleum of 2 75 lbs 
per b h p hour, corresponding to the veiy 
low brake thermal efficiency of only 0 047 


T, is assumed at 1400° (' (ilw ) . .»id Ihwo 
foie, bj 7- equation (22), v fi ~ .12 (> cub ft , thou 

„ = Uih pel hf£ m (ftl)H ), 

l e 144 x ,)2 () 


'fc = 71H°C (al)S ) 


and r J 

VO 

Honce 

U = fr v (T - Q - 1 w (T 2 - TO - IJX - Q 

= 72 07 O Th IT of useful woik 

In this case, as tho stroke of the piston is Ah, 
we have to wnte 

1400x72 07 _ 

Pm ~ Uixv e 


- = 21 7 lbs poi sq m 


Thus the iatio of p m to tho maximum oftodivo 
piessme of (98 — 14 7) lbs pel sq m has heie 
the satisfactoiy value 1/3 84, the engine 
failed commercially, lmwe\et, on account of 
its exceedingly gieat consumption o! fuel 
Not only is the theoiotienl effiuonoy ol tho 
cycle low, but even tins low efficiency was not 
nearly attained m piactico Tho engines wcio 
built in sizes of fiom one half to tliicc hoiso- 
power An expenment by Ticsea on a one 
half horse powei engine showed a consumption 
of 95 cub ft of (Pans) coal gas pci i li j> 
hour, which is fully eight times as gieat as 
that of a modem four stioko gas engine of 
modei ate power 

§ (54) — Collecting the insults obtained m the 
pioceding paiagiaphs foi companson, wo have 
tho following foi typical engines, each using 
1 lb of air, and wmkmg between the absolute 
tern poi aturos 2000° (I and 300° 0 


Engine 

Type of Cycle 

Theoretical 

Efficiency 

with 

Conditions 

assumed 

Maximum 

Pleasure 

P 

Lbs^/Sq In 

Menu 

Pi esmue 

Ihn 

Lbs /Hq In 

Hallo ol 

Ihn to 

(P It 7) 

Carnot 

Constant temperature 

85 

20,450 

58 

0028 

Otto and Langen \ 
free piston * f 

Constant volume 

66 

98 

1 326 

016 

Diesel 

Constant pressuie 

55 

500 

1X8 

243 

Otto 4 stroke 

Constant volume 

50 

536 

103 5 

200 

Brayton 

Constant piessure 

S3 

70 

83 

600 

Lenoir 

Constant volume 

25 

98 

21 7 

260 


* With complete expansion 


The modem Diesel engine consumes only 
about 0 45 lb of oil fuel pei b h p hour, 
corresponding to a brake thermal efficiency 
of fully 0 30 

§ (53) The Lenoir Constant Volume 
Cycle , Value of p m —See Figs 17 and 26 
and §§ 32 and 42 Here also 

jp a = 14 7, 
v 0 = lS 6, 
i o =300° C , 

T=2000° C, 

whence # c = 98 lbs persq m (abs) 


The lolative y alucs and advantages of the 
vanous cycles are yory fully discussed by 
Cleik m The Gas, Petrol , and Oil Engine 
(Longmans), vol i , 1901) 

§ (55) Losses in Internal Oomhithtion 
Engines — In all that pieoodos it lias been 
assumed that the working substance is dry 
air— regarded as a perfect gas— and that the 
conditions are such that onoh cycle can be 
perfectly earned out Tins is impossible m 
actual practice, and is due mainly to the * 
following causes 

(1) The working gases lose heat to the 
surfaces of tho combustion chamber, cylinder 
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and piston crown during and aftei explosion 
by radiation and convection 

(2) The unexploded chaige is usually heated 
on entenng the cylinder, with consequent 
expansion and xeduetion of the mass of charge 
exploded 

(3) Tn constant volume cycles the explosion 
is never instantaneous, as assumed m theory 

(4) The working substance is not dry an, 
blit a mixture of nitrogen, caibon dioxide, 
steam, and oxygen, having specific heats 
which aie not constant, but mciease with 
use of temperature 

(5) The woiking substance is changed m 
volume by combustion, so that the volume 
which is heated and expanded differs from 
that which is compressed when measured at 
the same temperature and piessute 

(6) Combustion is not complete when 
maximum tempeiatuxe is attained, and is 
even, m some cases, not complete at release 

(7) Some tlnotthng or “ wue-drawmg ” 
always occuis during admission, and theie is 
always some degree of back pleasure opposing 
the exhaust 

(8) The working gases lose beat to the 
cylinder walls during compression 

These several sources of loss may be con- 
sidered m some further detail 

§ (56) Loss of Heat to Walis during 
Explosion and Expansion — The physical 
jnopeities of cast iron, of which the cylinders 
of all internal combustion engines, excepting 
only an -cr aft engines, are made, renders it 
necessary that they shall be kept cool either 
by a water -jacket or, as m many small engines, 
by a stream of cold an passing over heat- 
radiatmg gills formed on tho outer surface of 
the cylinder In practice it is found that 25 
pei cent to 50 per cent of the whole boat 
evolved by tho combustion of the woikmg fluid 
is lost m this way alone The highly heated 
gases lose heat to tho containing sin faces 
partly by radiation, and, being m a state of 
very violent turbulence, also by convection 

Tire gonoial rule that tho better the absorber 
the bettor tho radiator, and the principle that 
a perfectly transparent substance, whatovoi 
its temporatuio, could radiate no energy, 
lead to tho conclusion that gases m chemical 
equilibrium— which then possess nearly perfect 
transparency — can emit no appieciable radia- 
tion When ladiation does take placo bom 
gases it appeals to arise from tlio flame due 
to chemical action proceeding in tho gas, 
and m internal combustion engines any 
ladiation from the flaming mixture is absorbod 
by the enclosing metal walls of the combustion 
chamber, cylinder barrel, piston crown, and 
valve heads, whorem it appears as sensible 
heat, which is then conveyed by conduction 
to the jacket and surrounding air Loss of 
energy by radiation, in this connection, was 


hist considered by CillencLi in 190b Tests 
by bun on a small petiol engine 1 showed that 
the loss of heat pei cycle could be represented 
appioximately by an expression of the foim 
br, whoie r is the time of one revolution, 
and a and b are constants Radiation loss 
fiom tho burning gases proceeds with very 
great lapidrty near the instant of maximum 
tempoiatuio, and this piactically instantaneous 
loss may be considered as represented by the 
constant tonn “ a ” The second teim hr 
lepiesents a loss by ladiation and convection- 
conduction piopoitional to tho time dunng 
which tho cylinder surfaces are exposed to 
the burning gases 

§ (57) Radiation from Flames — R v 
Helmholtz found, when using “solid” flame 
of about } m m diameter, that a hydrogen 
flame i achated about 3 pel cent, coal gas almost 
5 pei cent, and CO about 8 per cent of its 
total heat of combustion These weie veiy 
small flames A laige flame ladrates more 
oneigy pci unit of aioa, smee a flamo is largely 
tianspaient even to its own radiation, and 
thus radiation is received not only from tiro 
surface molecules, but also from all those 
behind it Oallendai, repeating some of 
Helmholtz’s expeiimcnts on a larger scale, 
found that the radiation fiom a 'Bunsen non- 
lummous coal gas flame 1 2 m m drametei 
may amount to as much as 15 pci cent of 
the whole heat of combustion Experiments 
made by Julius on different kinds oi flame 
have shown that lire radiation is almost 
wholly due to tho CO a and II 2 0 (steam 
molecules) The explosion of gases m an 
exhaust vessel, or a gas engine cylinder, 
differs considerably from any open flame m 
respect of ladiation, as not only is tho donaity 
of tho gas much gieatei m tlio closed vessel, 
but it is also not cooled by mixture with tho 
outside an Hopkinson (1910) made experi- 
ments on the iadiation omitted during explo- 
sion and subsequent cooling of a mixture of 
0 15 coal gas and 0 85 air, by volume, m a 
closed vessel He found that the total heat 
radiatod dunng and after tho explosion 
amounted to over 22 per cent of the whole 
heat of oombustion Tho radiation up to 
the mstant of maximum piessuie amounted 
to 3 per cent, and continued at a diminishing 
rate for a considerable period theioaftei 
It was still porcoptiblo 0 0 second after maxi- 
mum pressure, when the gas temperature had 
fallen to 1000° 0 

§ (58) — The conditions existing within a gas 
engine when working have boon vividly 
described by Clerk, who fitted a cylinder with 
a stout observation plug of glass, He says 
“ While the engine is at work, a continuous 
glare of white light is observed , a look into 
the interior of a boiler furnace gives a good 
1 Proc, Inst Aut Png , 1907 
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notion of tlie flame filling the cylmcki of a 
gag engine ” The loss by radiation fiom the 
flaming mixture will be gieatei as the absoibmg 
power of the containing metal sm faces is 
inci eased Hopkmson has coaled the mtenoi 
of an explosion vessel with tm-foil, and com- 
paicd the results obtained by exploding 
mixtures of identical composition, firstly with 
the tm-foil highly polished, and secondly 
with its suiface coveied with lamp black 
He found that neai ly the same maximum 
pressure was developed m both eases, but that 
the fall of pressure during cooling was consider- 
ably less with the blight than with the black 
surface Further bolometnc experiments by 
Hopkmson consisted m coveimg a small 
portion of the mnei suiface of an explosion 
vessel with thm copper si up (1) highly 
polished, (2) blackened, and (1) with the stup 
protected from direct contact with the flame 
by a plate of rock-salt It was found that 
the rate of mciease of temperature of the 
blackened suiface during explosion and the 
subsequent early stages of cooling greatly 
exceeded that of the polished strip, the differ 
ence between them being roughly equal to tlio 
rate of temperature mciease obseived wlien 
the strip was covered by the rock-salt, which 
transmitted upwards of 90 per cent of the 
radiant energy to the stup while protecting 
it against any direct gam of heat by contact 
with the flaming gas 

Using a mixtuie of 0 15 coal gas to 0 85 an, 
by volume, giving a maximum temperature 
of 2150° 0 , Hopkmson estimated from these 
experiments that the loss of heat by ladiation 
to the enclosmg suiface up to the instant of 
maximum piesaure, was about 5 per cent of 
the whole heat of combustion, and that radia- 
tion continued during cooling certainly down 
to 1400° C If combustion were complete at 
the instant of maximum piessuie, which is 
also that of maximum temperature m closed 
vessel experiments, it would follow fiom the 
observed gi eater loss of energy by radiation 
duimg explosion to the black than to the bright 
surface, and the obseived equality of the maxi- 
mum temperatures attained in each case, that 
the internal eneigy of the gas at the same 
temperature would be greater when the enclos 
mg surface was bright than when blackened 
Clerk has shown, however, that combustion is 
never completo at the instant when maximum 
tempeiature is attained, and finds that m gas 
engine practice m general only some 85 per 
cent of the heat is evolved at this instant, 
the remaining 15 per cent appearing during 
a portion, at least, of the expansion working 
stroke Combustion is usually practically 
complete when release takes place , with 
weak mixtures, or badly-designed combustion 
chambers, combustion may be markedly 
incomplete even at release 


^ (59) C\ lind Ei* TEMPEKATOJtPb — Although 
the maximum temperature of the wmkmpC 
gases is of the older of 2000° C, the mean 
temperature at the mnei surface of the mot.it 
of the cylinder nevei exceeds a quite modeiatn 
value of, at most, some 200° C above that ol 
the cooling water m large gas engmes , in 
the thm walls of petrol engine cylmdois tiro 
difference is much less, and is usually below 
50° C Hopkmson placed patches of Im-foil 
on tlie mnei surface of the combustion 
chamber of a gas engine cylinder 111 m m 
diameter, ancl found these weio quite un- 
affected by tlie successive explosions, although 
the lieat-flow late is heie a maximum, and tlio 
melting - point of tin only 2,30° ( 1 In this 
connection it is also of mtciest to lecoiel that, 
using a nch mixture (1 9) of coal gas and ail, 
he found at the instant of maximum piessmn 
in a cylineliical explosion vessel about 2d] m 
diameter \ 27 m long, laige differences of 
temper atuio at diffeieni points within tlie 
vessel The following arc Ins i esults 
Mean tempeiature of the gases (mfoutd 
from maximum pleasure) 1000° C 

Tempera tuie at Gen tie of volume of the 
vessel, near point of ignition of the 
mixture 1900 „ 

Temperature at 4 m fiom the wall of 
vessel 1700 „ 


Temperature at 0 4 m from wall at end ^ ” 

Temperature at 0 4 m from wall at side 850 „ 

A rough approximation to the rate of heat 
flow pei unit aiea from the gases to the cylinder 
surfaces is obtained by dividing the mean area 
exposed to the heated gases into the total 
heat appearing m the jacket watoi plus that 
lost by ordinary external radiation fiom the 
engine as a whole 

Compiling m this way a 35 h p fom -cylinder 
4 62m diameter x 5 08 m stroke fchddeleypotiol 
engine i mining at 930 levs per minute, with a 
40 lip single -cylinder 11] m x21m Ciossley 
gas engine iimmng at 180 revs per minute, 
Hopkmson 1 obtained the following results 


Item 


(hosslcy 1 

Siddelcw 

0 Th U lost per minute "j 
to jacket water, and 1 

L 

2250 

2300 

by general external I 
radiation J 

Percentage of ditto tol 

t 

l 

total heat supply J 


34 0 , 

10 5 

C Til U lost per cylinder 
per mmuto j 

Iloat-flow m C Th U per 
sq m of exposed sur- 
face pei minute at — 

\ 

2250 

575 

In-centre 


C 5 

7 0 

Out centre 


2 05 i 

37 

Mean 


32 

4 85 


1 Proc Inst Atit Eng vol iu 
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Thus the maximum heat flow iato did not 
exceed 7 GTlilT ]>ei sq m pei minute, and 
the fompoi.itino guide uecossaiy loi this rate 
thiough cast iron is only about 100° 0 pei 
m of Ihn kiiesw Ab the walls of the Sieldeley 
engine cylinder woie only t r , T m thick, 
Hojikinson points out that the moan tempeiu- 
tme ot the iutciu.il metal surface, where 
ivatoi-juiketod, novel exceeded that of the 
jacket waiet by moie than about 30° C The 
walls of the Ciossley online cylmdei were 
almost fom tunes as thick as in the Siddeley, 
v Inch v\ ould < ouespmul to a mean temperature 
oi itmei Hiulaee of, at most, 125° O above that 
of the picket water, oi about 200° C actual 
tern pcs atiue 

^ ({>()) Tisnw AfTn Valve, Temper unmas — 
The pistons and valves of intern il combustion 
engines are in rely watoi cooled, and conse- 
quently become vciy hot, thou heat having 
to he conducted thiough some distance beloie 
n a< lung the jacket watei When working 
at lull load, llopkmson iound m the Crossley 
engine above utod femporatuies at the conti cs 
of the piston crown and exhaust valve at 
about 510° 0 Eor the gas engine mixture 
used by him the temper at uio of pie-ignition 
was slightly abo\e 700° (J With oil engines 
when run at hill load pre-ignition usually 
soon ocuuh, and is commonly prevented ^y 
the injection of a watei-sjnay into the cylinder 
duimg explosion. 

In the pieces ling unnaiks it has been 
assumed that l ho internal metallic suifaces 
exposed to l lie heated gases aie clean , actually 
the combustion elmmboi mi i face is quickly 
(evened with a deposit of oaibon, while the 
wmkmg ban el of the cylmdei is coated by 
a tlun Him of oil The caibon deposit on 
the combustion diambei mu face and piston 
(town uh reuses the loss by ladufion fiom the 
flaming gases , by polishing the suilaoes of 
the comhustiou clwunbm and piston of a gas 
engine a perceptible meiease in mean pressure 
has been obt lined Again, a thick deposit of 
carbon, especially on the hot piston crown, 
by tin low ( end nativity may create incan- 
descent points m patches, and thus cause 
pie-ignition, thus cat bon deposit is obviously 
to be avoided as fai as possible, 

§ ((51) Hadiateon Loss fs —C lerk (Gustavo 
(Janet Lecture, 1913) states that radiation 
losses meiease very rapidly with tompoiatme 
dr Here nee, the loss being approximately 
proportional to the difCoieneo of the fourth 
powers of the absolute temperatures of the 
gas and inner wall but face respectively— 
agreeably with Stefan’s Law He states also 
that radiation increases wild increase m the 
dimensions of tho containing vessel , and ho 
points out that Stefan’s Law piaotrcally 
limits tho temperatures attainable m gas- 
ongxno practice. 


** (62) Heat -flow — Reference ma\ be 
made to the fifth report of the Gaseous 
Explosives Committee at the Bntish Associa- 
tion (Dundee, 1912), which contains a valuable 
resume of piesent knowledge relating to heat 
flow flora the working gases into the cylinder 
walls of internal combustion engines 

The general conclusions reached are, briefly 
(i ) The rate of heat-flow from gas to walls 
is greatest at maximum tempeiatuie and 
pressure, and rapidly diminishes as the piston 
peiforms its outstroke , the greater part of 
the heat-flow has occurred m a comparatively 
short time, and when the piston has moved 
but little from its m position Hence the 
bulk of the heat lost by the gases to the cylinder 
passes into the combustion chamber, piston 
crown, and valve heads, and but little is 
received by the working barrel Clerk has 
calculated that the actual rate of heat-flow 
m the first T ^th& of the outstroke is equal to 
six times that of the whole stroke, m ordinary 
gas engines, when working at full load If 
pistons be w r ater cooled, m considering the 
cooling of the cylinder it is probably sufficient 
to neglect altogether the heat-flow into the 
outer half of the working barrel When 
pistons are uncooled a watei -jacketed barrel 
is needed mainly to keep the piston cool 
(li ) The temxierature gradient necessary to 
maintain the required rate of heat-flow from 
the inner surface of a combustion chamber to 
the jacket water rarely exceeds 50° C per in , 
and for such surfaces, kept fairly clean, 
effective cooling presents no great difficulty 
At special points, e g the centre of the piston 
crown (when uncooled) temperature is high , 
with a f our-sti oke engine of 24 in cylinder 
diameter a tempera tuie of almost 600° C 
may he found here With large gas engines 
the necessaiy great thickness of the combustion 
chamber walls, and the practical difficulties 
of ensuring free cuculation of jacket water 
everywhere may result m the formation of 
high local internal surface temperatures 

(m ) An important effect of radiation is the 
gicatly increased heat given to cylinder walls 
when mean pressure is increased by increasing 
mixtuie - strength , the metal temperatures 
and jacket-water tempeiature are raised in 
much greater degree than the fuel consumption, 
and efficiency is diminished In large engines 
this sets a practical limit to power output 
which, if exceeded, results m rapid overheating 

of the engine „ , . 1 , 

(iv ) Another important effect of radiation 
is the greatly increased heat received by the 
walls from a laige than from a small volume 
of gas , it results from this, that the difference 
, between the efficiency of a large and a small 
engine is lessened, and also that the difficulty 
, of ^adequately coolmg very large engines is 
increased beyond that arising from the neces- 
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sarv gieat thickness of the cylinder walls by 
the increased amount of heat recened through 
ladiation from the greater volume of glowing 
gas enclosed 

(v ) Effect of Density — The density of the 
gas in an internal combustion engine of the 
Otto cycle type is from four to seven or eight 
times that of the atmosphere , m Diesel cycle 
engines it is considerably greatei , increase m 
density greatly increases heat-flow as compared 
with an oidmary closed vessel explosion with 
atmospheric density before ignition The 
total heat lost to the jacket water is found to 
increase with the density, but not quite m 
simple proportion , the exact relation seems to 
be complex, and is not ascertained , it is 
probable that the combined convection and 
radiation heat losses m a vessel of given foim 
can be fairly well expressed as increasing 
according to some fractional power of the 
density 

The question as to the best compression 
ratio to adopt is closely connected with that 
of density When compression is increased 
by reducing the volume of the combustion 
chamber, not only is the density of the gas, 
and therefore the total heat loss, increased, 
but the area of enclosing suiface is also 
reduced, and hence the rate of heat-loss per 
unit of area is increased by both causes 
combined Though efficiency is mcreased m 
theory by increase of compression ratio, this 
increase may be more than annulled by the 
increased heat-loss to the enclosing walls, 
and there is thus a value of the compression 
for which the efficiency practically attainable 
is a maximum But it may easily happen 
that even before tins maMmum efficiency is 
attained the mcreased rate of heat flow pei 
unit area of enclosing walls may give rise to 
cooling difficulties and pre ignition trouble 
The cause of pre ignition is commonly the 
overheating of some point or patch of the 
metal, or carbon deposit thereon, due to 
excessive heat-flow following increased density 
If the enclosing metal surfaces could be kept 
clean and cool, compression ratios could have 
much higher values than are at piesent 
practicable 

§ (63) Heating of Charge entering 
Cylinder — In large gas engines the ratio of 
surface to enclosed volume of gas is lelatively 
small, while the thickness of the cylinder 
walls is necessarily great In order to avoid 
setting up dangerous stresses m the metal 
through heating, it is found necessary to 
keep the jacket cool by arranging for the 
circulation of an ample supply of cooling 
water , the temperature on leaving the 
jackets, m large gas engines and Diesel 
engmes, is usually between 30° C and 50° 0 
In very large gas engmes the pistons and 
valve heads are also water-cooled, and m 


these engines, theietoie, the tomperaluio ot 
the whole enclosing sedates ul combustion 
cliambor, piston, etc, is always low In (lit' 
much laigei class of gas engines w ith umnnlcd 
pistons and valves, the a\erage tompoj.it me 
of the piston crowns and valve heads ih vei\ 
much gieatei In the exceedingly huge class 
of small quick i evolution internal ( omlmnlion 
engines of the petiol type, the jacket waits 
tempeiatuio is usually between 110° C and 
100° C , while in an tooled engines of llus 
class, the mean temperature ot the whole 
cylmdei is considci ably above 100° C, and 
the pistons and valve beads eon oHpoiKlmgly 
higher 

In eveiy case, when a fresh charge is taken 
into the cylmdei, some meteaso m its tempts a 
tuie is caused by the Inghor temperature <>i the 
I enclosing sm faces , m addition, m the tbieo 
piactical cycles of Cloik, Diesel, and < )tto, them 
is always some high tompoiatuie burnt gas 
from the previous cycle lomammg m the cum 
bustion chamber at the end of exhaust with 
which the entering fresh chatge mixes, and by 
which its temperature is always raised Fiom 
these two causes, the fresh charge is always 
heated at tho beginning oi compression, and m 
Otto cycle gas engmes of tho smaller type, and 
petrol engines, a temperature of 200 n G at tins 
point is not unusual The use ol temperature 
results m a lessoned density of fienh tlmigo 
taken m, and tho mass of Irewh ohuige is 
further rodueod by tho piosonco of residual 
burnt gases m the combustion space, apart 
from any effect ol this upon thermal eflioieuoy 
tho heat evolved poi eyele is lessened, and the 
powei outjmt of tho engine coi res pond mgly 
reduced 


* ' ' rjii-ji-f-d’v nu- 

ll EATING UIOEOEE (JuMWlESHlON- — (loUHuloi the 
case taken iu § (50), with p 0 - U 7 Dm poi sq 
m (abs ), and ?* fl ~~13 6 cub ft , the volume' at 
outstroko But, due to heating on admission, 
suppose T'(Z'V/ 15) to bo 400" (< (abs), then at 
K we have now 13 6 cub it of air at piessum 
14 7, and temperature 400° ( 1 , ? <« the mass 
of tho charge is mlueecl from 1 lb to 0 75 
lb , and the value of the constant K' pJT 
is now 72 The volume of tho combustion 
chamboi remains unchanged at 1112 cub, ft , 
and honce p c is also unchanged at 500 lbs 
per sq m (abs) But t 0 sf p 0 vjt ,/ xh now m 
creased from 833° C to 1111° (‘ (abm) Hence 
as, by supposition, the maximum temperature 
T remains unchanged at 2000° ft, we have 
v p -~(T/£ c ) n o =2 002 cub ft, whoneo & is now 
reduced from 2 4 to 1 8, and accordingly, ugiec- 
ably with equation (53) the thermal eJUoienoy m 
creases Again, T a •» ( uffvffr - 1 * T » 9 1 5° ({, n i- 

°fi 104 ?° 0 ’ the ° mcienc y» h J aquation 
(P^),is tlieroforenow m ci eased from 0 55to0 50 
But the heat converted into useful work has boon 
reduced by the reduction ol the charge thus. 
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U T - y - I„(T, - T')] = 93 1 C Th u 
(onsequence p m is now reduced to 
>0/144: x 12 488 = 72 3 lbs per sq m 
-ud with 118 lbs per sq m m the 
ease , thus the output of power of 
ie at the same revolution speed has 
n 1 0 to 0 613 The figures m the two 
collected togethei below, foi com 


i cases p 0 = 14 7, ^ = 13 6, v 0 ~l 112, 
and T = 2000° C 


t lie heat is supplied hom i c to thiec loin tbs oi 
the fluid, the me oi tcmpeiatun will be the 
same as befme, and accoidmgly the maximum 
temperatuio attained will be unaltered and 
T = 800 h- 1400 = 2200° C , while T, will toiie- 
spondingly meieaso fiom 1000° 0 to IKK) 0 0 
Thus the working fluidis ,it a highei tempeia- 
tuie throughout the cycle, the licat losses to 
the oylmdei are gieatci, and hence, m practice, 
the elflcicncy is t educed The usehil w oik done 
is U = 75 A „ {T ~ t 0 - T, 4 t 0 \ = 88 67 ( 1 Th U , 


r 

“ <J 

v,, 

Cub Ft 

cr 

Aduibatit 

Evpansion 

Itatio 

T, 

0 (J 

Thermal 
Elhi lorn y 

C! Th IT 

p » i 

Lbs /Sq In 

Relative 

Pmvci 

Output 

83} 

2 67 

24 

5 I 

ion 

0 55 

151 7 

118 

I 

mi 

j 2 002 

I 8 

| 

68 

915 

0 59 

93 1 

72 3 

0 613 


! cycle increasing the lower limit of 
mo T', mci eases the compiession 
mo t c m the same proportion, lienee 
.dies more nearly to T, and accord 
constant prossiue expansion latio <r 
‘d with consequent- meioase m the 
expansion ratio and i eduction of the 
diop at the release point II The 
is me leased from 0 55 to 0 50, but 
the smaller expenditure of heat the 
it put of the engine is x educed m the 
>n «t 100 to 61 3 

Thu Otto Cycle , Effect of II eat- 
or n Comi^ression — See ^ (3b) and 
In tins case, as by equation (71), the 
ms 1 — (1 jp)T ~ 1 , whci o p is constant m 
the same ongme, it follows that the 
% m theory, is unalteiod by any change 
mipoiatuie of the oluuge boioie com- 
Itaising t 0 raises t 0 m the same pro- 
and if there he the same expenditure of 
as before, then as 11 -- A V (T - 1 0 ) we 
-\\jL v | l 0 , and thus T is also raised, 
4equently to also is Tj agreeably with 
ion T a /T ~tjt ti In juactico, howevei, 
me the cflicioniy is rediKcd owing to the 
icat losses resulting ftom higher tern 
oi explosion and duung adiabatic ex- 
Xn the case discuRsed m ^ (51) suppose 
e to heating on admission, £ o =400° 0 
then the mass of the charge is i educed 
b to | lb , and t c uses to 800° C (abs ) 
> ratio t 0 jt 0 is constant Tho efficiency 
wry, unaltered , two suppositions may 
made as to the supply of heat to the 
fluid, viz 

appose the supply of heat to ho throe- 
of the quantity m § (51) , and 
Suppose the supply of heat to ho only 
cess ary to cause the working fluid to 
x maximum temperatuie of 2000° 0 

(i ) — In this case, as threo fourths of 


while as a noccssaiy consequence tho mean 
efleelive piessuie is now loduccd iiom 103 5 
to 88 67 x 1400/1 U \ 11 11 =77] lbs pot sq m 
Thus, at th(' same revolution speed, even 
d the efliuuicy unnamed unchanged, the 
output of tho engine would ho i educed limn 
100 to 75 , the leduclion m output will bo 
actually gieatei than this, as tho oihcienoy 
is lessened through tho meieasod heat losses 
inclined 

Case fu ) — In tins case tho eihoieney is also, 
m tlieoiy, unalteiod, and tho tompeialuie of 
the working substance is only increased by a 
i datively small amount dunng the adiabatic 
compiession penod, the practical reduction 
of eihcioney may hence be expected to bo 
smaller in this cise The mass oi tho thaigo 
is i educed, as beloio, to lb , hut tho heat 
supplied is also icduecd, and is given by 
11- 75A v {2000 - 800 - 1000 4 4«()j =700 Th XT 
mstoad oi 88 67 The mean oiloc tive piesmuo, 
at unolianged dhcueiuy, now drops to 66] llm 
pen sq m , and the engine output is now 10 - 
ptesenlod by the numboi 61 2 only 

Tims in Otto cycle engines, heating tho 
incoming ehaigo does not, m thooiy, affect tho 
eflieiency, though in practice some loss of 
ofhuoney icsuits from mei cased heat losses to 
the cylinder The i eduction in the mass oi 
the dial ge, with consequent reduction m tho 
heat supply, icsuits, howover, m a rapid falling 
off m tho output of power 

§ (66) Time of Kxplcbtue —In the pio- 
limmary simple theory of the internal com- 
bustion ongme eonstimt volume cycle, explo- 
sion is assumed to occur instantaneously , 
actually a small, but finite, interval of time 
elapses between tho instant of ignition and that 
at which maximum pressure is attained The 
time of explosion m constant volumo experi- 
ments may bo defined as tho intei val of 
time between the commencement oi increase 
of pressure and the attainment of maximum 
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piessuie, and immeioucj experiments upon 
explobions in closed vessels ot const ant volume 
by Bunsen, Beithelot, Bnnstow and Alexandei, 
Cloik, Grover, Hopkmson, Langen, Petavel, 
Mallard and Le Chafcehci, and others have 
furnished results showing cleaily the mode of 
dependence ot the time of explosion upon the 
natuie and condition of the “ caibuxotted '* 
chaige employed 

Constant-volume explosion experiments by 
Clerk m 1900 made upon eloctncally ignited 
mixtuies of London coal gis and an, initially 
at atmosphenc piessiue and temperature, con- 
tained m a closed cylindiic il vessel 7 m m 
diameter and 7 m long mtei nally, fumishod 
the following rosults 


__ , Volume (Lis 

Mivturo Y()lllnlt , Vu 

Time 

ol Explosion 


Set mu Is 

1 

045 

l 

042 

} 

055 

7 

0b7 

1 

087 

l 

ff 

155 

iV 

1 

1 1 

305 

290 


Similai expei mients by Baustow and Alex- 
ander on mix tut es of coal-gas and an exploded 
at constant volume but m a much larger 
cylindrical vessel, viz of 10 in internal 
diametei by 18 in m length, fiom atmo- 
spheric temper atuie, hut with an initial pies- 
suio of 55 lbs per sq m (abs ), furnished 
results from which the following figuies have 
been deduced 


. Volume (las 
Mixture y oUlml! Ul 

Time of Explosion 
(approximately) 


Seconds 


04 

t 

07 

1 

U 

20 

At 

5 

A 

1 0 


Potavol, with a 1 0 mixtuie of coal gas and 
air, initially at 18° 0, and at a piossuro ol 
113b lbs pot sq m (abs), exploded within a 
sj)lieric L d steel bomb of 4 m. mteinal diametei, 
obseivod a maximum explosion pressure of 
9508 lbs per sq m attained m 058 of a second 
Eiom these and other results, it appeals that 
for uniform explosive mixtmos initially at rest 
within a closed vessel, the time of explosion, 
caeteris panbust is (i ) less as the mixture 
nchness is gi outer, (n ) greater, with a single 
point of ignition, as the volume of the eon 
tammg vessel is gi enter, and (in ) independent 
of the initial pressure of tho explosive 
charge 


As the lmxtme uclmesi is uioumsi d a 
point is, hovevei, sum toadied at wliuli 
the time of explosion is a minimum , the 
following iiguies liom expenments bv t'liik, 
and tho Massachusetts Institute, Boston, 
illustrate this 



Timed Explosion wit h j 

Mixture 




Oldham 

London 

lioslon 

.Ratio 

. 

("oil Ons 

U is 

(las 


1b 

015 

OS 

t 

055 

012 

on 

l \ 

01 

055 

on 

7 1 

Ob 

0b7 

0b 

* | 


087 

Ob 

1 

V 

08 

155 

08 

To 
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11 

A | 

17 


If 


While vith mixtures ot 0 08, pet ml vapour 
and an, the Boston exponmonts gave 


Petrol 

Vnpom 

Time of 
Explosion 

Teh ol 
Vapmn 

Turn* ot 
Explosion 

Pei (out 

St < ends 

Tu eenl 

S< < mills 

1 79 

109 

2 78 

ons 

1 9b 

09 J 

3 03 

00!) 

2 17 

082 

3 21 

007 

2 id 

000 

3 45 

J00 

2 bl 

ons 




On tho passago ol the igniting spaik tho gas 
m its immediate vicinity is instantly inflamed 
with accompanying sudden expansion, the 
inflammation very quickly extends outwards 
in all chiections, the inflamed portion tuptdly 
compressing, and thus heating, the uumflamed 
poition Parts of tho inflamed gas aio also 
projected into the munJlamcd volume, and finis 
cause tho gcnoial mllammatmu to pnucect at 
an increasing iato neatly up to the point when 
complete inflammation is attained It is 
dear, therofoie, that the time of explosion will 
bo gicatci as the volume of gas exploded is 
gi cater, and aho that it x\ ill bo lessened by 
having more than one point of ignihon, pro- 
vided tho additional ignition points are olloe- 
tivo kmthei, if a eonsuleiahlo volume of the 
gas lie ignited at oner, by a long and poweiiul 
spaik, or a laigo flame, tho time of explosion 
will bo i educed , a small separate chamber 
connected with the mam explosion vessel if 
filled with explosive mixture, and ignited, will 
pi eject a rush of flame into the main vessel and 
so much i educe Hie time of explosion The 
shape of the explosion vessel has also a marked 
influence, and has also tho position within the 
vessd of the point of ignition TJus latter 
point is well iJlustiatcd m Baustow and 
Alexander’s experiments, using a eylmd ucal 
vessel 10 m diametei x 18 m long, with the 
ignition point situated at different points 
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within it, the following aie the times of 
explosion observed 


Depth ot limit lou Point 
iiom Tup ot Vessel 

Time 

of Explosion 

Indies 

Seconds 

0 

160 

3 

141 

b 

177 

q 

10,5 

12 

123 

15 

HO 

18 

115 


The maximum picssuie attained was, m 
each case, roundly 220 lbs pel sq m (abs ), 
and the explosion was most laput when the 
mixtuio was fhed fiom the centre of the 
oyhtuloi Though iapid ignition does not 
cause any moieaso m the maximum jnessuie 
attained, it is yet of importance m internal 
t oinbustion engines m ouloi to avoid loss of 
woilv fiom a compaiatively slow prcssuie use 
upon a lapidly moving piston, Accordingly 
m huge gas engines, and m the petiol engines 
of racing cai s," it is common to find two or 
even mm o igniting points pci cylinder In the 
case of a petrol engine tested by Professor W 
Watson, 1 * foi example, it was found that with 
single ignition the time of explosion was 
0 0055 second, and that this was reduced by 
almost ono-thud, viz to 0037 second when 
double ignition was used Increased power 
was obtained when using double ignition, the 
advantage gamed hoing greater as the revolu- 
tion speed mci eased, as the following ligiues 
show 


K evolutions 
pel 

Minute 

ILoise powei 
with 

Single Ignition 

Horso-pom r 
with 

DoubU Ignition 

1100 

18 4 

20 8 

lbOO 

2b 0 

20 2 


((>7) Tuiuujllncf — At an eaily date it 
was observed by Cloik that gas engines would 
have been impracticable, through necessarily 
slow running, had the latos of explosion been 
as groat m actual engine cylinders as m closed 
vessel experiments In the case just cited, the 
time of explosion of the potiol air mixture 
m an actual engine was only 0055 second, 
wheioas the shortest explosion time obtained 
m the Boston experiments — albeit with a 
larger vessel — was 058 second, or more than 
ton times as great In larger gas engines also 
the samo result is observed, Fig is a 
reproduction fiom a diagram taken by 
Humphrey dining a test m 1900 of a 500 
h p, Bromier engine using Mond gas I he 


1 Proc TAB » 1909 

* Proc Inst MecJi Eng , 1901 


t>lmder was 28* m chametei and the stroke 
30 m , the axerage revolution speed was 
3 28 05 per minute The diagram show s that 
maximum pressure was attained when the 
jnston had moved forward only about -X- of 
tlie outbroke, corresponding to a time interval 
of only 0 026 seconds, which is, m this ease, 
substantially the time of explosion Thus 
even m this large cylinder the time of explosion 
is only about one half as gieat as was observed 
in the closed vessel coal-gas experiments 
above cited 

This featuie has recently received special 
attention, and Clerk found m some experiments 
earned out in 1912 that the time of explosion 
m the same engine dimmish ed with increase m 
the revolution speed, and that this resulted 
mainly from the mci eased rate of inflammation 
caused by the violent turbulent motion set up 
by the sudden rush of the fresh charge into the 
cylmdei during the suction stroke, and which 



peisisted during compression, m gas and 
petrol engines ctuiing the suction stroke the 
average velocity of the entering fresh charge 
through the inlet valve is fiom 100 to 120 ft 
per second 

Clerk 3 has earned out further experiments 
showing veiy stiikmgly the important part 
played by turbulence an reducing the time of 
explosion m actual engines, and thus rendering 
high revolution speeds practicable He took 
indicator diagrams from the same engine 

(1) finng the charge m the usual manner, and 

(2) filing the charge after compressing and 
expanding it during one or two revolutions of 
the crank-shaft, thus giving time for the tur- 
bulence to largely subside Comparison of the 
diagrams so obtained show r s at once that the 
effect of damping down turbulence was to 
retard the rate of inflammation to a remarkable 
extent, completely changing the form of the 


ragram . 

Two of the diagrams so taken are shown m 
Hgs 31 and 32, the time of explosion with 
A 1 fm™ A +,n B.* is 037 and 033 


Gustave Canet Lecture, 1913 
4 Max pv occurs at B 
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seconds respectively , while after a thud 
eompiession of the fiesh charge the time of 



onlv about Jth of that obstived m Bmwtmv 
and Alexanders tests Hopkmson also eai 1 led 
out tests m 1912 on the ollcct of tin bull n< e 
artificially produced by the lotalion of a fail 
within a closed cylmdiieal vessel 12 in cha- 
metei by 12 m long, these e\peum< nls 
showed a great icdnction m tho timo ol 
explosion with increase m tuibulonco Uh mg 
a 1 9 mixture by volume of coal gas and tut, 
the following hguies lllustiate Ins losults 


explosion mcreases to 092 and 078 seconds 
respectively The cylinder was 9 m m 
diameter, with 17 m stroke, and was run at 
180 revolutions per minute 
under full load conditions 
with jacket water at 70° C 
Tw r o electric igniters weie 
fitted, one m the inlet port 
at the back of the combus- 
tion chamber, the othei at 
the side of the cylinder just 
clear of the piston, when 
fully “ in ” It will be noted 
that m this case the explosion 
is more rapid with the side 
igniter, and that m both 
eases the time of explosion 
with partly quenched tuibu- 
lence is about 2J times 
as great as under noimal 
working conditions with un- 
damped turbulence 
Thus, due to turbulence, 
the time of explosion m the actual engine was 
only ith to |th that observed m the closed 

Diagram showing effect of Turbulence End Ignition 

Fired after 1st Compression Ignition Period A to B = 037 9 gos 
Do 3rd Do. Ignition Period, A* to B,'= 092 Seas 


he volutions per Minute 

Time 

of Kan 

ot Explosion 


h( nmds 

0 

13 

2000 

03 

4500 

02 


§ (68) Oalorimu Values ani> Hm'iMtJ 
IIeats of the Working Mixtures — Ah 
alieady stated, whatovei tho fuel UHod ui an 
T\ble f 

Specific Weight and Voiume of (Iasdr a r ()°C 

AND A rMOSPUDIlTt] PllLHHUBL 


Substance 

Symbol 

Spec iil( 
Gravity 

Weight oi 

J (Mb Kt 

Volunu 
or l id) 


1 

11 1 

2 

in bb 

3 

in (Mb h’t 

*1 

Air 

23 0 | 77 N 

11 41 

08073 

12 387 

Oxygen 

o 2 

10 

08011 

11 18 

Nitrogen 

N 2 

H 

0782b 

12 78 

Hydiogcn 

Il 2 

1 

00550 

178 89 

Watei (gaseous) 

H a <> 

0 

05031 

19 88 

Carbon monoxide 

CO 

14 

0782(i 

12 78 

Caibon dioxide 

co ? 

22 

12298 

8 1 i 

Methane (marsh gas) 

UII 4 

8 

04172 

22 30 

Ethylene (olefiant gas) 

cyr 4 

14 

07820 

12 78 

Acetylene 

cyi 2 

13 

07207 

13 7(> 

Normal benzene 

<VL 

39 

2J801 

4 59 



vessel explosion expenments of Clerk 
Hopkmson, with the mixture at rest, 


and 

and 


internal combustion engine, tho woikmg hu In- 
stance aftox ignition consists of a nuxtuto of 
nitrogen, steam, caibon dioxide and lioquontly 
a small amount of fioo oxygen When the 
chemical loimula of the fuel 01 “ caibuiant 1,1 
is known, tho heat evolved dunng combustion 
may be leadily calculated Jn Table L some 
physical constants aro given Jor the substances 
involved m Internal Combustion Engine 
practice 

In Tables II, and HI tho quantities of hcuit 
evolved m tho complete combustion of 1 lb,, 
and of 1 cub ft, of various gases, etc, aio 
given 

§ (G9) — From Tables II and HI it will bo 
noted that a hydrogen-an mixture contra (its 
after combustion to 0 853 of its initial volume, 
with corresponding reduction m tho picasum 
developed Fuithor, notwithstanding the very 
high oalonfio valuo of hydiogen per lb, it s 
excessive bulkiness results m a heat ovulation 
of only 164/3 4=48 C Th U (app ) per cub ft. 



Table II. — Approximate Calorific Values, etc , of Fuels per Cubic Foot at 0° C axd Atmospheric Ppessure 
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of »K*«>e with au it 0° C and atmospheric 
piessure 

Hydrogen-an mixtures are very sharplv 
explosive and when hydrogen is present in 
large proportion in a gaseous fuel, this property 
fiequently causes trouble through pre ignition 
The hydiogen alone would be a comparatively 
pool and troublesome fuel to employ for power- 
purposes, though its piesence is often beneficial 
m confemng sufficiently prompt inflamma- 
bility upon dilute mixtures of other gases 

Methane is an excellent gaseous fuel for 
power purposes , its heat value per cub ft of 
mixture with an is 542/10 6 = 51 C Th U 
(app), and thus exceeds that of hydrogen, 
while there is no contraction of volume after 
combustion 

With noimal benzene (the principal con- 
stituent of “ benzol 55 ) and average petrol there 
is an increase of volume after combustion 
With the ordinary coal-gas-ail mixtures used 
m piactieo, theie is, m geneial, a contraction 
of volume after combustion of not exceeding 
about 3 per cent of the volume before com- 
bustion 

Table IV gives the approximate amount of 
heat in C Th U evolved by the combustion of 
1 cub ft at 0° G , and atmospheric pressure of 
mixtuie with air of various gaseous and other 
fuels 

Excluding acetylene, which is only employed 
in a few veiy special eases, this Table shows 
that the heat evolved pei cub ft of mixture 
ranges only from about 48 to 58 thermal umts 
notwithstanding large differences m the 
calonfic values pel lb of the various fuels 
tabulated 

In Table V 1 average figures are given for 
the gaseous fuels 111 common use in stationary 
gas engines 

The heat evolved pei cub ft of mixture here 
ranges fiom 33 to 49 C Th U , although the 
heat evolved by combustion of 1 cub ft of 
gas langes from 59 to 295 umts 

I 11 these Tables the volumes of air considered 
aie only such as are ]ust sufficient to ensure 
complete combustion of the fuel Generally 
Borne excess of air is mixed with the fuel , thus 
the Continental practice is to use about 20 per 
eent excess of air with blast furnace gas and 
producei gas fiom coke or anthracite, and 40 
per cent to 50 per cent excess of air with coke 
oven gas and town gas 

In laigo gas engines, m order to avoid undue 
heating troubles, it is found necessary to so 
dilute the working mixture that the evolution 
of heat per cub ft of working stioke swept by 
the piston does not exceed about 28 C Th U 
for cylinders of tip to 20 m m diameter, and 
from 20 to 22 C Th U for 30 in cylinders With 
gaseous fuels containing a large proportion of 

1 From CJleilt and Burls, Gas Petrol and Oil Engines, 
ii (Longmans, 1913) 



302 


ENGINES, THERMODYNAMICS OF INTERNAL COMBUSTION 


hydrogen, as, e g coke oven gas, pie ignition 
trouble is often experienced Clerk has 
entirely overcome this by diluting the fresh 


§ (70) Specific Hevt oi< Cases - By aid of 
thes> various Tables, the maximum tempcia- 
tuie and piessuio attained by the explosion of 


Table III 


Approximate Caiorifio Values op Fuels per Lb 









C'HiTT 

of mat 




Combustion poi Lb of Piiol 


i\<dvuliu CombttHiiim 
of t Lb of 1 ml 

ruel 
lLb of 

Burnt to 

Lbs of 

Lbs of 

Weight of Piodiu is in LbH 

IliKlim 

Vnluo 

T out i 
Vahut 



Oxjfetm 

needed 

Air 

needed 


Burnt m 

lbs of 





OYjfeen 

Air 

NitioRMft 




1 

- 

i 

4 

r » 

ti 

7 

M 

Hydiogen 

/ 

H,0 

CO 

8 0 

1 33 i 

34 8 

5 8 

90 

2 333 

35 8 

0 8 

20 8 
l 100 

n m 

2,4 15 

29,340 

3,145 

Carbon y 

eOo 

2 GG7 

11 0 

3 007 

12 0 

8 933 

8,000 

8,000 

Carbon monoxide 

co" 

0 571 

2 484 

1 571 

3 481 

1 913 

2,130 

2,110 




( 

2 75 of COo 

) 




Methane 

C0 2 and H 2 0 

40 

17 4 \ 

2 25 of H 2 0 

Via 4 

lid 

13,340 

12,130 



1 

5 00 Total 

) 







| 

3 143 of C0 2 

) 




Ethylene 

C0 2 and H 2 0 

3 4285 

11 914-! 

1 285 of I1 2 0 

V15 914 

11 480 

12,180 

11,190 



1 

4 428 Total 

i 





i 


( 

3 384(> of COo 

) 




Acetylene 

C0 2 and II 2 0 

3 077 

13 385J 

0 0924 of 11 2 0 

14 385 

10 308 

12,110 

11,770 


l 

1 >r- 

!S 

1 ^ 

S 

c*- 

] 





r 

1 

3 3840 of Ct) 2 

1 




Normal benzene 

C0 2 and H a O 

3 077 

13 385 | 

0 0924 of II 2 () 

4 077 Total 

j li 385 

10 308 

10,000 

9,030 


charge with fiom 10 pel cent to 20 poi cent, 
by volume, of cooled exhaust gases By this 
means, the free oxygen is reduced and replaced 
by a mixture of carbon dioxide and nitrogen 


any mixtuie of known composition could bo 
roadily calculated — apait fiom boat losses to 
the containing vessel — provided tin* speuUc 
heat of the mixture were accurately known. 


Table IV 

Heap per Cubic Foot of Air-mixtures, and Nitrogen Content, at 0°C 
and Atmospheric Pressure 



Composition by Volume 

Proper (Ion of Nitiogeu 

CTh u 

1 Cubic Foot 

beloro Combustion 

in Mixture 

oi lion ti tom 

1 Cubit Cool 

of Mixture of Air 
and 

Fuel 

Oxygon 

Nitrogen 

Before 

A fler 

oi MkUue 
(howei 
Values) 

Cubic Foot 

Cubic Foot 

Cubic Foot 

Combustion 

Combustion 


1 

2 

3 

4 

5 

0 

Hydrogen 

294 

148 

558 

558 

054 

18 2 

CO 

294 

148 

558 

558 

054 

55 0 

Methane 

0943 

1902 

7155 

7155 

7155 

5J 1 

Ethylene 

0G5 

196 

739 

739 

•739 

58 4 

Acetylene 

077 

194 

729 

729 

758 

05 8 

Normal benzene 

027 

204 

770 

770 

700 

50 7 

Average petrol 

020 

20G 

774 

774 

735 

51 0 


The total mass of the charge is maintained, 
while the addition to the inert gases leduces its 
inflammability, and thus pievents the occur- 
rence of pre-ignition even m sustained heavy 
load running 


For a small iango of temperature, as horn 0° 
0 to 200° C , the specillc heats of the ordinary 
“permanent” gases are roughly constant m 
value, and arc given m Table VI 
Consider, tor example, 1 cub ft, of CIO air 
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im\tuie at 0° C and. atmosphuie pressure 
Fium column 6 of Table IV ihia evolves 
on combustion 55 6 C Th U of heat Also, 
fiom Tables I and TV its mass is given by 
291/12 78 + 700/32 387 = 08 lb, while fiom 


lands all agree, however, in showing that 
no such high temper atuie as 4303° C 
(abs ) is ever even approached , and that, 
m general, the maximum temperature (and 
I consequently pressure) realised m constant 


Table V 

Avlrvgl Calorific Values of the Usual Gaseous Fuels per Cubic Foot at 0° C 
AND ATMOSPHERIC PRESSURE 






JST iture of Gas 



Item 

Town 

Gas 

1 

Toko 

Monti 

Gas 

3 

Pressure Pioclucei 

Suction Producer 

Blast 

l)\CIL 

CUlS 

2 

Ft nm 
Anthracite 

1 

Fiom 
( ‘oke 

5 

From 

Anthracite 

G 

Fi om 
Coke 

7 

Furnace 

Gas 

8 

Oub ft of an require d per ) 
cub ft of gas j 

5 0 

4 0 

1 1 

1 1 


0 91 

0 92 

0 75 

Volume of for 1^ 

tub ft oL gat* ( A ) J 

C'TliU evolved on com-1 

0 0 

5 0 

2 1 

2 1 


1 93 

1 92 

175 

pletc combustion of !t A ’ \ 
{low a value) j 

CTli U on eompUte com 1 

295 

235 

80 

89 

77 

77 

77 

59 

bust ion of 1 cub it oi \ 
im\tuic (lower value) J 

49 

47 

42 4 

42 4 


40 

40 

33 


Table VI it is cleat that l v may be taken at 
the value 0 17 C Th U por lb for the mixture 
Ft, then, thw lull) ft of CO-air mixture be ex- 
ploded at constant volume, with l v constant m 
value at 0 17, and no heat loss to the containing 


volume explosion experiments is iouglily, 
about one-half only of that indicated by 
calculation made in the manner as just illus- 
trated Thus Table VII contrasts actual with 
calculated temperatures and pressures from 


Table VI 


Average Specific Heats, ttc , of GAsrs between 0° C and 200° 0 


Gas 

Specific 

Gravity 

IIytUo£en=l 

1 

Iknsltv m 
Lbs per 
Cubic Foot 
at 0° 0 and 
Atmospheric 
Piessmo 

2 

U erase 

Spec ilk 1 feats 
in C Th U per Lb 

11- 

J(A;i-7u>) 

m 

Ft -lbs 
pei Lb 

0 

Aj> 

y~T» 

Ai for 

1 Cubic Foot 
of Gas 
it 0° G and 
Atmospheric 
Pressure 

8 

Ajt) 

3 

/hi 

4 

Ip — An 

6 

Ihy cm 

Owgen 

i NilHvgeti 

Hydrogen 
, ( Tti bon mono- vide 
: (Steam 

1 Car bon (hoxido 

1 MUiuuie 

Mlhyleiie 

14 44 

16 

14 

1 

14 

9 

22 

8 

14 

08073 

08944 

07826 

00559 

07826 

050 U 
12298 
04472 
07826 

237 5 
217 

244 

3 409 

245 

49 

216 

593 

404 

1689 

155 

17 1 

2 106 
173 

37 

171 

467 

332 

0686 

062 

071 

1 003 

072 
12 
045 
120 
072 

96 0 

86 8 

99 4 
1404 

100 8 
168 

61 

170 4 
100 8 

1 406 

1 403 

1 409 

1 417 

1 410 

1 32 
1263 

1 270 

1 217 

01363 

01386 

01354 

01345 

01354 

0186 

02103 

02088 

02598 


vessel, there would he attained a maximum 
temperature T and piessuie p (both abs), 
such that 55 6=* 08 x 17 x (T — 273), whence 
T - 1303° C (abs ) and 

P « *-l«, 

14 8 273 

whence p ~~ 236 lbs per sq in abs 

$ (71) Experimental Results —The very 
numerous experiments that have been made 
upon explosive mixtures of many different 


constant volume experiments by Clerk with 
Oldham coal-gas-and-air mixtures initially at 
200° C (abs ), and 14 8 lbs pel sq m 
With reference to the figures given m 
column 2, which are calculated from the actual 
maximum absolute piessures attained (column 
1) by aid of the formula T/t 0 =p/p 0 , it may be 
observed that these do not give the highest tem- 
peratures existing at the instant of maximum 
pressure, but are merely average 9 There is a 
hot nucleus of gases at considerably higher tem- 
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perature than those of the portions nearei . - - -.o 

coolenolosmgwaUs-ashaaalready been pointed I that of C0 2 moioasod^by ^ <^Y 


the 1 heat of an lemamecl sensibly constant, while 


Table VII 

Explosion op Mixtures op Oldham Gas and Air 


Volume 
Ratio 
ol Mixture 
Gas Air 

Maxmiui 

Actual 

• Theoretic il " 

Ratio of 

Pressure 

Attained 

Lbs per Sq 

In Abs 

1 

lunpei ituie 
Calculated 
from 
Preasuies 

0 C Abs 

Maximum 
lempei iturc 

0 O Abs 

n 

Maximum 
Prcssui c 

I bs pci Sq 

In Abs 

i 

lhcorctnal 
rum per linns 
uid 

Phmsiucs 

1 

14 

55 

1078 

2059 

105 

524 

1 

13 

G6 

1294 

2185 

111 

592 

1 

12 

75 

1470 

2331 

119 

031 

1 

11 

76 

1490 

2501 

128 

590 

1 

9 

93 

1821 

2943 

150 

019 

1 

7 

102 

2000 

3007 

184 

554 

1 

6 

105 

2058 

4081 

208 

504 

1 

5 

100 

2078 




1 

4 

95 

1802 






and Boithelot, fiom cxpon- 
mcnis upon constant volume 
explosions of nuxtuios initi- 
ally at atmosphei ic picssuie, 
deduced values of l v loi tern- 
peiatmes u]> to 2000° V foi 
an, steam, C0 2 , and othoi 
gases, and concluded that the 
specific heat mu eased um- 
sidoiably with the tempeia- 
tuie in all the eases examined 
by them It is not <leai, 
howevei, that eombustum 
had ceased when then 
measuioments weio taken 
Eaily eonstant-juessiue ex- 
peiimonts by Holbein and 
Austin on Air, Oxygen, and 
Nitiogen, with eloclneai lieat- 


out m § (59) , the hgures given m column 2 
closely approximate, however, to the mean 
“ maximum ” temperatures actually attained 

§ (72) Variation of Specific IIeat x — The 
charactenstic equation of an ideally peifect 
gas is pu=RT (12), where R is the 

difference of the constant specific heats, h 9 and 
Jc vi and is therefore also a constant 

But this equation is true for any fluid 
wheieof the specific heat l v is a function of the 
temperature only, provided that the difference 
of the two specific heats remains constant, and 
such a fluid will obey Boyle’s Law exactly at 
all temperatures , this, however, will only be 
true if both l v and l v are independent of the 
density of the fluid 

Joly found both for air and C0 a that l v 
appeared to increase slightly with density , 
thus m the case of C0 2 


At Pressure, 

Lbs /Sq In 

Abs 

Density 
(Water =1) 

A- u — 

106 5 

320 5 

01153 

03780 

1684 

1738 


an mciease of about 3 pel cent only In the 
case of hydiogen the specific beat appeared to 
dec i ease slightly with increase of density The 
variation with density has, so fai, been tieated 
as negligible, and experimentally obtained 
values of specific heat at various temperaturos 
are resumed by empmcally found functions of 
tempera tuie only 

§(73) Relation between Jc v and Tem- 
perature — Regnault examined the relation 
between Jc v and temperature m the case of air 
and C0 2 , and formed the conclusion that 
between -30° C and +200° C, the specific 
1 See “ Gases, Specific Heat of ” 


mg ol the gases, temper atui os being measmecl 
by a thei mnpile, and heat quantities by ealtm- 
ineiei, tarnished the following insults 

Tartk VH1 


Mean l } > iok Am, Oxyoiun, and Nimoouar 
20 800'’ C 1 (Ordinary) 

(Uolborn ami Aimlm) 


Poi a 

Mian Value ol Zp loi 

Tempo uit uio 
ltangi from 

Ail 

1 

O\\gon 

2 

N if logon 

3 

20 440° O 

2300 

2240 

2119 

20 030 

2429 

2300 

2101 

20 800 

2130 


2197 


Thus ly me leases, though but slowly, m oueh 
case Latot oxpoumonlB by Ilolborn and 
Austin made at Boi lm, J using bho same method, 
gave the following insults Cor Nitrogen, Steam, 
and CO,, for tempciatuies langmg iiom 
110° (J to 1 100° 0 

Table IX 

Mean k Jt for Nitrogen, Steam, and COj 

no Hoc 0 a (Ortunary> 


(llolboin mid AuhUu, 1007) 


Ear a 

Mean Value ol /« 

lor 

Tt mperature 

Nitrogen 

1 

Steam 

(*()> 

Itango fiom 

2 

8 

110 200° C 
110 280 

240 

465 

217 

no 400 

242 

467 

229 

no 600 

247 

47,3 

210 

no boo 

251 

482 

250 

no iooo 

254 

494 

258 

no 1200 

258 

510 

204 

110 1400 

262 

532 

°72 


9 Biitish Association Meeting, 1007 
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These lesults indicate substantial increases 
m l 9 with rise of temperature for all the tlnee 
gases Holboin and Austin have also calcu- 
lated the value of I J} for C0 2 at temperatures 
from 0° C to 800° C from their own lesults 
and also from tho^e of Langen’s and Mallard 
and Le Chatelier’s experiments The figures 
are given hereunder 

Tabie X 

Valets op l p for C0 2 prom 0° 0 to 800° C 
(Ordinary) 

(Calculated by Holbom and Austin) 


At 

Temperature 

a c 

Value of l P f 

rom 

Holbom 
and Austin 

1 

Langen 

2 

Mallard and 
Le Chateliei 

3 

0 

2028 

1980 

1880 

100 

SlGl 

2100 

2140 

200 

2285 

2220 

2390 

400 

2502 

2450 

2840 

too 

2678 

2690 

3230 

800 

2815 

2920 

3550 


Holbom and Austin and Langen’s results 
are concordant, while those of Mallard and Le 
Chatelier show a much faster rate of increase 
of l v with temperature than either of the 
others 

§(74) Clerk’s Experiments 1 ' — In Clerk’s 
experiments both pressure and volume were 
varied simultaneously, the gas experimented 

Tyble XI 


The composition by volume of the mixture 
after explosion was as follows Nitiogcn, 75 0 
per cent, steam, 119 per cent, eaibon di- 
oxide, 5 2 pei cent , oxygen, 7 9 per cent 
Hence from Tables 1 and VI wo have for 
1 cub ft of this mixture at 0° C and atmo- 
spheric piessuie 


Constituent 

Cub Ft in 

1 Cub Ft 
of tho 
Mixtuio 

1 

Weight in Lbs 
in 1 Chib Pt 
at 0° C and 
Atmosphi rlo 
Pressure 

2 

CThTJ per 1° O 
Rise of Tonipuatnu) 
ftoiu 0 200° 0 
agiocnbly with 
Pablo VI (at 
Constant Volume) 

J 

Nitrogen 

750 

0587 

010155 

Steam 

119 

0060 

002213 

co 2 

052 

0064 

001094 

Oxygon 

079 

0070 | 

001095 

Total 

1 000 

0781 

014557 


Thus 1 cub ft of the mixture, measured at 
0° C and atmosplieiic pressure, weighs 0781 
lb and agreeably with Table VI should have 
a mean }c v between 0° C and 200° C of 
014557 C Th U or, m work units, 20 38 ft -lbs 
On referring to Table XI it will he seen 
that the value of l v at 100° C from actual 
oxpenment was 20 90 ft -lbs , thus the experi- 
mental and calculated results here agiee very 
well 

After explosion the ordinary working stioke 
vas performed, but instead of release taking 
place neai the end of tire stioke, both valves 
were kopt closed while the 
crankshaft continued to revolve 


Apparent Specific Hlyt l „ trom 0° C to 1500° U (Ordinary) per through the momentum of the 
Cubic Foot op Working Mixture at 0° C and Atmospheric en g me fly-wheel, thus altei- 
Prlssuke (Clerk) nately compressing and ex- 


Tt mpemtmes, ° (J 

Values of per Cubic Foot 

Ordinal j 

1 

Absolute 

2 

By Expei imont 

By Calculation 
iiom 

In C Til U * 

3 

In Ft -lbs 

4 

Equation (730, 
m Ft -lbs 

G 

-273 

0 



14 0 

0 

273 

0140 

19 6 

19 6 

100 

373 

1409 

20 9 

21 0 

200 

473 

0157 

22 0 

22 2 

400 

673 

0171 

23 9 

24 0 

GOO 

873 

0180 

25 2 

25 2 

800 

1073 

0187 

26 2 

26 1 

1000 

1273 

1019 

26 8 

26 7 

1200 

1473 

0194 

27 2 

27 1 

1100 

1073 

0195 

27 35 

27 38 

1500 

1773 

0196 

27 45 

27 48 

co 

00 

( 0200) 


28 0 


* Compare with column 8 of Table VI 


paneling tlio entiapiied mixture 
An indicator diagiam was 
taken, recoidmg the changes of 
volumo and ptessuie undoigone 
by the gases 

The gam of internal energy 
by the mixiuie dui mg com- 
pression fiom any point A to B 
(Fig 33) is equal to the external 
work (MABN) done upon tho 
mixtuie m compressing it minus 
the heat lost to tho cylinder 
walls m the interval , wlnle 
duung any expansion period, as 
BO, the loss of internal enoigy 
is equal to tho external work 
(MBGN) done by tho mixture 
in expanding from B to 0, plus 
the loss of heat to the cylinder 
walls 

Tho external work is readily 


upon being tho mixture after explosion in a obtained with considerable accurai y by plani- 
gas engmo cylinder behind a moving piston metric measurements of tho diagram, while the 

1 p rOC ji 01 j Soc A , loot), lxxvii 409 changes of temperaturo can bo calculated from 


VOL I 


X 
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simultaneous values of p and v taken fxom the 
diagram, by aid of the relation 3) w/p 0 v 0 = T/T 0 , 
provided the temperature T 0> at any one point 



Tempeiature 0 0 


Ordinal y 


of the diagiam be known The loss of heat 
to the cylmdei walls was estimated by a 
comparison of the compression cuive with 
the immediately following ex- 
pansion curve on the assump- 
tion that the total heat lost by 
the mixture during any, the 
same, part of the stioke is 
the same during expansion as 
during compression for the 
same mean temperature 
Clerk expresses the Apparent 
Specific Heat, l v> thus deduced, 
in ft -lb per cub ft of mixtuie 
at 0° C and atmospheric press- 
ure, the correspondmg values 
m C Tli U per cub ft are 
added in Table XI His results 
are very closely resumed by the 
equation 

J — ( 


Or, k v , h v0 being values of iho appuent specific 
lieots at T, T 0 respectively, 

H— H„=«(T- T 0 ) - (VI') 

By aid of this equation, and of equation 
(73'), Table XIa has been calculated, giving 
values of l v tor this gas engine mivtmo at 
every 100 degioes fiom 0° 0 to 2500° C, 
togethoi with values ol the mtoinal cticigy 
(H-ITJ, in ft lbs pei cub ft at 0° V and 
atmospheue piessute, 1 datively to 0° (# as 
an assumed zeio 

On p 20 of the 1th licpoit of the 0(t<i ICiplo- 
siotih Committee oj the B) dish Asumahon 
(1914), a cmvo is given showing LI 10 variation 
of mtoinal encigy with tompeiatuto lot ilus 
mixtuie This cuive is considered to best 
lesume the most loliablo oxpenmontal 1 (‘suits 
available, it m lepioduced m Bk/ 33 Fox 

Tabci XIa 

VALTJrs Ol l v AND (II- H 0 ) LOB ( iAH EnOIMJ MlVTlTlUl 
('From Clcik’s espoumcnls) 


) =a(l- 

/ V 


(73) 


where a, 6, and l are constants, 
and T is absolute tempeiature 
m 0 C It -will be found that 
A =28, 6=5, and Z= 00186 
For purposes of computation 
equation (73) is more conveni- 
ently written 
Jc v \ 


^10(1- 


0 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

1*500 

1600 

1700 

1800 

1900 

2000 

2100 

2200 

2300 

2400 

2700 

3000 


Absolute 


2 §) =-0 30103 

- 000808T, (730 

and values calculated from this 
equation are given in column 
5 of Table XI fox comparison 
with those experimentally de 
termmed The empirical equa- 
tion (73) makes 7^ increase from 14 0 at the 
absolute zero of temperature, to an asymptotic 
value of 28 0 when T is infinite 
§ (75) — Integrating equation (73) gives for the 
increase in internal energy m this case, from tem- 
perature To to temperature T, 

H-H 0 =o(T- T„) +j(e~ W- c - 1T«) (74) 


273 
373 
473 
573 
673 
773 
873 
973 
1073 
1173 
1273 
1373 
1473 
157 3 
1673 
1773 
187 3 
1973 
2073 
217 3 
2273 
2373 
2473 
2573 
2673 
2773 
3273 


Iv 

111 Ft lbs 
hom 

Equation (73') 


19 6 
21-0 
22 2 

23 2 

24 0 

24 7 

25 2 

25 7 

26 1 
26 f 

20 7 

26 9 

27 1 
27 21 
27 18 
27 18 
27 56 
27 61 
27 69 
27 75 
27 79 
27 83 
27 86 
27 88 
27 90 
27 92 

27 07 

28 0 


from 
Equation 
(75 V) 


1 396 
1 309 
1 349 
1 3 M 
1 323 
1 314 
1 307 
1 302 
1 297 
1 291 
L 290 
1 288 
I 286 
1 2815 
1 2830 
1 2820 
1 2812 
I 2801 
1 2799 
J 279,3 
1 2789 
I 2785 
1 2782 
1 2780 
1 2778 
1 2776 
L 2771 
1 2709 


If lb, 

Jn Id -lbs 
Horn 

Equation (7 10 
0 

2,047 
4,202 
6,405 
8,8 15 

11.158 
13,789 
30,321 
18,906 
21,511 
21,18 J 
26,876 
29,668 
32,293 
35,017 
37,761 
40,621 
43,278 
46,051 
48,819 
51,697 
51,176 

57.159 
59,949 
62,738 
65,527 
79,500 

00 


companion tli 010 is shown also tho muvo 
obtained by plotting (Il~ir o ) against T fiom 
tho figures given m Table XIa, It will bo 
seen that the two curvos agree veiy well 
from 0° 0 to 1600° C , but that at tempo* a- 
tures above 1000° 0 the Com nut Ws cuive 
uses somewhat abruptly above tho other 
The curve of equation (740 results from Clerk’s 
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figuies as given in Table XI , and is a leguiar 
cuive with equation (74) as its Cartesian cqna 
tion It has an asymptote H — 28(T - T 0 ) - 4510, 
to which it lapidly approaches, as indicated 
m the diagram 


§ (70) V a.lul oi' 7 ion nil Mixturl — I kie iho 
i elation pv* =c'T gives 

, pv 14 7 < 144 v 12 8 n „ 

c'=~ = -- 7 - ~ ( M) 27 ft lbs pa lb 

T 273 r 

As 1 cub ft at 0° (.» ind atmospheue pitssuie weighs 



Fl(J 33A 


The mean value of l v botweon T 0 and T is 
II-H^T-To, and is therefore expressed by 

Moan (75) 

v x — Xo 

Fshmation of II - H 0 from the Indicator Diagram 
— From equations (13) and (74'), all quantities being 
m woik-umts, wo ha vo 

H - II 0 ««(T- T fl ) - \(lu~ h m ) + P V pdv , 

0 Jvo 

as pw=BT, this may bo wutton 

H - Ho -'gipv-tWo) -- ( (lv-ho)+JJpdv. (74") 

As p, v, p Q , v 0 , and / pdv are immediately dotoi- 

VVn * 

mumble fiom the indicator diagram and h v and 
Ivo are known from, eg, Table XI for tlio values 
of T corresponding to pv and p„v 0t it is olcm 
that equation (74") enables II- II 0 to bo readily 
ascei tamed 

If m any speculie case the expansion (or compression) 
curve can be resumed by an equation of the foim 
pv n ~{b constant, then m such case wo liavo by aid 
of equation (33) 

H-Ilo= (I+jL) (PO-Wo)- fa-Kt) (W) 


07811b, o' per cub ft -=9<k25x 0781^7 75 ft lbs 
Also, heat quantities bung oxpussed in ft lbs, 
Ij) — bv *“0 =7 75 But h j, — A v " = A->y(7 — X) , he lie o 
i , 7 75 

7” Ll 7~~ ( 7nA ) 

Thus, iiom Table XI wo luivo 


Table XII 

Values of y from Values of given 
in Table XI 


Temperature 

Abs 

% n 

Ft -lbs /Cub, FI 

y 

fiom 

Equation (75a) 

0 

14 0 

3 553 

273 

10 6 

1 10b 

373 

210 

3 360 

473 

22 2 

1 340 

073 

24 0 

1 323 

873 

25 2 

1 307 

1078 

26 1 

3 207 

3273 

26 7 

3 200 

1473 

27 1 

1 28(5 

1673 

27 OH 

3 283 

1773 

27 ‘IB 

1282 

00 

28 0 

1 277 


These values ol y aio jilolted against tlio correspond 
mg absolute tompcratuies m Fig, 34 For any 
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temperature interval the mean value of 7 can be 
readily obtained either from this curve, 01 more accu- 
rately by aid of equations ( 75 ) and ( 75 a) An approxi 
mation to the adiabatic curve for the mixture can 
then be obtained by assuming 7 constant at its mean 


Values of 7 for Gas Engine Mixture 
from Clerk's Experiments 



560 1000 laoo 2000 T 

Absolute Temperature in °C 

FIG 34 

value over a number of successive small ranges of 
temperature, and drawing a senes of curves withm 
each range agreeably with the equation pvV ~ constant 
From equations (9), ( 12 ), (13), and (73) we obtain 
as the equation of entropy 

0 - 0 o= a log e ^ j +c' log e (^j 
fT 

~ab / 

JT 0 

whence, puttmg 0 - 0 o =O,we have for the adiabatio 
equation 




~dT t (75b) 


(75o) 


The impossibility of expressing the integral 
— tZT m finite terms renders these two equations 


/ 

unsuitable for arithmetical computation When 6 = 0 , 
equation (75 b) reduces, of course, to equation (40) 

§ (77) Clerk’s Results — Referring to 
these results of Clerk, Callendar 1 remarks 
“ Since the temperature of a mass of gas when 
exploded m a closed vessel or m the cylinder 
of a gas engine is far from uniform, and since 
the actual distribution of temperature is 
necessarily somewhat uncertain, it is evident 
that the variation of the specific heats of the 
constituents with temperature cannot he 
ceitemly deduced from a knowledge of the 
heats ( of combustion and the effective 
temperature 

It is possible, however, by explosion 
experiments to deduce values of the apparent 
or effective’ specific heats winch, m so far 
as they approximate to the conditions existing 
m an actual gas engme, may be of greater 
practic al utility than the true specific heats 
The method of Dugald Clerk m which 
tne specific heat is directly determined from 
e woik done on the charge aftei ignition, 

y %T uiee 01 “ Assoum - 


appears to be paiticulajly appiojmato foi this 
purpose.” 

It will be obseivcd that Oloik’s lesults aio 
somewhat higher than those of otheis, 
Callendar has stated (ibid ) that the values 
of the specific heats deduced fiom explosion 
experiments usually come out liighei than 
those obtained by moio dnoot methods, and 
considets that the errors incidental to both 
methods require fuitlier investigation 

§ (77') - — According to tho Linolio theory of g»Nos, 
their internal energy is tho sum of the tianHlitumnl, 
rotational, and internal-vibrational eneigion of their 
constituent molecules Of these, the tianslatioual 
motion alono causes tho gaseous picHsutn, the 
internal- vibrational produces radiation, w !ulo the 
rotational appears to hnvo 110 external physical elk 1 1 
Callendar 2 points out also that thorn y unlit utts 
that the eneigics of molecular tianslation and lotalum 
should vary directly as tho pioduct pv , while the 
vibrational energy should vary with tho temperature 
agreeably with a formula of the exponential type 
a ( e /3/Al__ i)-l qq lls 1S symbolically expressed by 
writing 

II = internal en orgy = £pv -| a(c^^-3) " *, 

where L a, /3, and X aro constants 

The product pv, though very nearly constant, 
appears to ho expresHiblo as a function of p and 
T, thus Kelvin (Malh and Phi/e Papoia, vol 1 ) 
found that for tho usual peimanorit gases, including 
C0 2 , an equation of tlio typo pe^cT-~ 6 (p/T)- will 
lesume tlio observed facts Taking this, wo ha\o 
II=^cT— ^* 6 (p/T) 2 -|-a(e^/ Ar * r ~l)" :t , whenoo 





T 3 


ag 

'x 


(a) 


From these considoiations it seems just ])ohhi 1 ) 1 o 
that tho extreme closeness wilh which Cleik’s 
experimental results aro resumed by equation ( 73 ) 
may be somewhat more than a coincidence 


§(78) Variable Spmoifio Heath— In an 
ideal perfect gas both k p and l v are coiiHtant, 
and the quantity R m the ehaiaotenstio equa- 
tion pv — RT . (12) bemg equal to 
is also constant But, as has alioady boon 
pointed out, equation (12) is also ti no fdi fluids 
for which l 3) and l v aie any Junctions oi T, 
provided only that (l P -l v ) is constant; and 
such fluids will obviously obey Boyle’s Law, 
since pv will still be constant when T is 
constant Suppose, then, that l v =» LOT) and 
/ij,— E(T) -pR , if heat dll bo supplied to 
umt mass of sucli a fluid wo shall have by 
equation (13) all heat-quantities being ex- 
pressed in woik-umts 


^H=E(T)dT-HK^ . (13') 

If tho changes be isothermal, dT~0, and 
hence whatever F(T) may bo, wo must have 
atl =pdv =? external work— as 111 tho easo of a 
perfect gas already considered As by cqiia- 

a Ibid p 32 . 
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tion (12) p — 'R/T/v, equation (130 gives at 
once as the equation of entiopy 


=f=^ T+R f 


(70) 


Putting c/0 — 0 gives as the differential equation 
to the adiabatic, 


F(T) 

T 


tZT + R— =0 

V 


. (77) 


§ (79) Values of K v — It is now fully 
established that h v for gases is not constant 
but that it increases with the tempoiature 
(and probably changes slowly also with 
density), and the results of experiment aie 
very commonly resumed by simple equations 
of the foim 

fa=a+f 3T . • (78) 

Thus Cleik has given the following as fanly 
resuming Mallard and Le Ohatelier’s expeu- 
mental results 


Gas 

l v = a+/3T« 

Nitrogen 

171-1- 0000215T 

Steam 

3116+ 000182T 

COj, 

1123+ 0000834T 

Oxygen 

150+ 0000188T 


m C Th U pei lb , and f m°C (abs ) 


It may bo pointed out here that m all oases whoro 
the efficiency of a oyclo is oxprcsbible by equation 
(71), any increase m the valtio of l v diminishes the 
efficiency, and vice versa For denoting efficiency by 
7 ), and putting R/L v for ( 7 — 1 ), equation (71) bcoomos 


7? = ! 






(71a) 


and differentiating all across with respect to Iq gives 


dr} 
dli <0 


R ( 1\ /1\ R 

loge w =_ v w log ^ 

(71n) 


As R, 1> V , and p aio essentially positive, and p is 
always > 1 , dyjdl v is always negative, and thus dr) 
and dl v have opposite signs 

§(80) Estimation of II — 3I 0 from Indi- 
cator Diagrams — When h v is expressed in 
the simple form as given in equation (78), wo 
, have foi the mciease in internal energy at 
constant volume coxiospondmg to a change of 
tompcratuio fiom T 0 to T, 

II — Ho= a(T ~ T 0 ) + gCT 2 — T„ 5 ) (79) 


From equations (13) and (70), when v ohangos, all 
quantities being expressed m work units, 

H — IIo = a(T — To) + ~(T 2 — To 2 ) + [V* 

Wo 

As py=»RT (12) this may be written 

H- II 0 «(pv-p 0 t> 0 ) +i~ (pw +p 0 y 0 ) | + J pd% 

(790 


and all the quantities on the light hand side of this 
equation being immediately determinable from the 
indicator diagram, the value of ll-ll 0 is known 
when using any working mixture for which a and ft 
and R have been pieviously aseei tamed 
Whenever the expansion or compression cuivo can 
bo ovpiosstd m the form pv n = constant, equation 
(79') by aid of equation ( 1 1) Likes the simple foim 




Also equation (7l>) becomes 




dT+U 


(lV 


(79") 


(80) 


the differential equation of ontropy, giving on 
integration 

0 -</>„=alog „Q'J +/5(T- To) H-R logo QJ , (81) 

whence, putting 0 — 0 o ~O, wo havoas tho adiabatio 
equation 111 terms of v and T, 

« ioge (^) ''' r iog '- Cl) + / i ( T - T ») == °- ( g2 > 

which is also sometimes wutton m tho form 
/T\a/y\ R /3(T-T«) 

(tJ u) c -* < 82 '> 

Fiom the relation py=RT, equations (82) and (82') 
may also appeal as 


01 

And 


(83) 

(83') 


a l0gL £) 4 ll ) logL (£) +i i (l w ~PoVo)^0 > 

fp\ a ( v\a } R 

W w e 

(« ]-«,) log t (Q | R log t (1°) -I /3(T-T„)-0, (81) 

fPa\ R /T \ a f ff /3(T — To) 
or ()(.,,) e «1 

\pj \ r lV 


(8P) 


On putting /3«0, equations (82), (83), and (81) reduce 
to equations ( 22 ), ( 20 ), and ( 21 ) respectively 
The adiabatio 0111 vo may bo diuwn from a given 
initial condition (p 0 vj r 0 ) by assuming any T and 
thence determining Llio oonespondmg v from equa- 
tion (82) or p iiom equation (81), the lemaimng 
quantity is then immcdiaioly found by aid of tho 
equation py— JUT 

§ (81) Otto Ovole with Variable Specific) 
IIeat — It is of intoiosl to compaio tho 
efficiency of tho Otto cycle usmg a fluid of 
variable specific heat with that obtained on 
tho usual simphlymg assumption that is 
constant, as in §§ (30) and (45) , the data 
assumed are as in § (51), viz 00° C (abs ), 
i o =600° 0 (abs), T=-2000° C (abs), and 
p 0 = 14 7 lbs per sq in (abs ) , seo Fig 21 
Instead of an, tho working fluid is now 
1 cub It at 0° 0 , and atmospheric pressure, 
of Clerk’s gas-engmo mixture as described in 
§ (74), obeying the law s 

U4pv^7 754T. (12") 
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The vanation of l v w ith tempera tu to 
exhibited m Fig 35, plotted from Table XX , 
and fiom this curve the following lineal 
formulae are easily deduced for the value o 
l v over the four temperature ranges taken 


Temperature Range m 0 C 

<4bs) 

U m Ft -lbs /Cub Ft 

a-f/3T 

300 600 

16 8+ 011T 

GOO- 1000 

19 65 + 00G25T 

1000 1500 

23 2+ 0027T 

1500 2000 

26 5+ 0005T 


Then to obtain points on the adiabatic 
compression cuive we have the relations 
v- (300/273) x 1 ~1 0989 cub ft , whence cqua 
tion (82) becomes, using common logs, 

16 8 Iog (m ) + 7 704 log (rooss) 

+4343 x 011(T- 300) =0 
Assu min g a series of values of T between 



300° C and 600° C , this equation gives 
immediately the corresponding values of v , 
and p is then found from v by aid of equation 
(12") Proceeding in this way we get 

T*= 300 350 400 500 GOO 

1 0989 0 7330 0 5113 0 273G 0 1599 

14 7 25 7 42 2 98 5 202 

from which the compression curve can bo 
plotted The explosion pressure P is obtained 
from P/p c =T/£ c , thus substituting the values 
P—202 x (2000/600) = 673 3 lbs per sq m 
The adiabatic expansion curve may next 
be obtamed by the same method as that 
adopted for the compression curve, talcing 
a=26 5 and /3= 0005 from 2000° G to 
1500° C, and a =23 2, £= 0027 from 1500° 
C to 1000° C , this furnishes the following 
figures * 


T= 

2000 

1900 

1650 

1500 

1250 

1100 

v~ 

1599 

1918 

3156 

4413 

8306 

128 


673 

532 

282 

183 

81 

46 


The pu-diagi am plotted from these results 
is shown m Fig 3G , it will bo noted, by 
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comparison with the icsults obtained 111 ^ (51) 
for the case m which l v is constant, that 
woikmg between the same limits of iempem- 
ture, and with the same tompoiatmo of 
compression, the latio of expansion with 
variable specific heat is 0 S7 as compaied with 
5 47, wdien l „ is constant , while the ma' umim 
pressuie with vanable l v , duo to the gieatoi 
compiession ratio, is also gieatu than that 



m the simploi case In au actual engine the 
total expansion ratio is fixed, taking this 
at 5 47, as 111 the ease of § (51), wo shall 
have for the volume duung explosion 
v c = I 0989/5 17 -=0 2009 cub ft , the oone- 
sponding compression tompoiatmo, fiom 
equation (82), will be f c =550° 0* (abs ), and 
piessuxe, fiom equation (12"), jp fl =-149 lbs pci 
sq 111 abs (approx ), whence the explosion 

Ideal T 0 Diagram of Otto Cycle when k,r a +/?r 



pressure is now leducod to V - (T/J 0 ) =■ 530 
lbs per sq 111 (abs ) The diagram lor an 
expansion ratio 5 47 is shown by clotted linos 
in Fig 30 

§ (82) Otto Cycle Temperature Entropy 
— The temperature-entropy diagram for U 10 
300 o -600°-2000° G case of Fig 30 10 exhibited 
m Fig 37, the curved portions being obtained 
by aid of equation (81), using corresponding 
values of T and v already obtamed The effici- 
ency, being the ratio of KGFTIK to MCFNM, 
may be found either by planimetrio measure- 
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meat of those *u oas, or by duett calculation 
of the quantities of heat received and lejcotcd 
t it constant volume fiom equation (79), the 
value of T 2 («it II) being taken ftom the T - (p 
diagram , both methods agree in giving 0 41 as 
the value of the otfiuincy 

With constant speufic heat it has alieady 
been bhown that for tlie Otto cycle the 
efheicncy is 1 -(tjt r )~0 5 (vide equation (70) 
and § (15)) , thus when l v is expiessiblo m the 
frnrn a + /9T and (l v - L v ) is constant, efficiency 
is diminished 

§ (83) Otto (Sole Idlal Efiioienoy — 
Cleric 1 has calculated by a method of suc- 
cessive appi emulations vilues of the ideal 
efficiency oi tlio Otto cyclo when using the 
nmtuio of gases whoso Apparent Specific 
Heat in as given m Tahlo NI , and lus results 
aie given, lioieundci , corresponding values 
of efhc leney with eonstant l v aio given, 
calculated fioni equation (71) , it will bo ob- 
served that the olheicney with variable l v is 
always lea* than that with l v constant 

Tab j u XI IT 


Ideal Emuoilncii s oi Oiro Cycle compared 
Initial Tt mpi ratitru 273° 0 (Abs ) , 7 ior 
Count j s^ion t\kln as 1 37 (vide Table XII ) 


1 

p” 

TTppoi Limit; 
oX T( mpt ut tuo 

Efficiency willi 
lv Constant 
(Equation (71)) 

3 

1873 ° V 
(Abs) 

1 

3273° 0 
(Abs ) 

“ 

l 

i<r> 

200 

24G 

1 

280 

20) 

300 

I 

331 

350 

430 

1 

ft 

38 J 

304 

480 

1 

410 ' 

413 

550 


§ (81) Effioienoy , “ Am Standard ” — It 
has already boon pointed out (§ ** (37)) that 
il ]//; denote the value oi the adiabatic com- 
piession latio in the tlnoo ideal cycles of con- 
stant pressure, eonstant volume, and constant 
tempo) atuie, then the eOiciency is, m each 
case, o\]>iessed by the same loiraula, viz 

Efficiency^!- (71) 

I£ tlio woilung fluid bo air assumed as 
possessing a constant value of 7—14, tins 
equation becomes 

Efficiency =1 - , • (71') 

and in this form is termed the “ An Standai d ” 
of efficiency, and lias boon largely employed m 
tlio past as representing the theoretical maxi- 
mum of performance for any given value of p 

1 Pm Inst C,J& , 1907. 


INTERNAL COMBUSTION 
* 

It is cleai, however, fiom the abo^e dis- 
cussion that when the specific heat is van- 
able, and not constant, that equation (71') 
represents an unattainable ideal Clerk has 
pointed out that m the cases taken m Table 
XIII the “ an standard ” values are roughly 
about 20 per cent too high Much moie 
information is, however, still required before 
even the apparent specific-beat values are 
accurately known for the various mixtures 
of gases and vapours employed m gas and 
oil engines When these values become 
accurately assignable each engine can be 
separately investigated and the real efficiency 
of its working fluid determined The propor- 
tion borne by the actual thermal efficiency 
as detei mined by test to the real efficiency 
will then give a true measure of the degree 
of excellence of its performance, and indicate 
the exact margin remaining for improvement 
On the general question of the values of 
h v and foi gases and gaseous mixtures 
reference may be made to the 1st and 2nd 
Reports (1908-9) of the Gaseous Explosions 
Committee of the British Association Clerk 
(Pioc ICE , 1907), however, makes the useful 
suggestion that if 7 be taken at the constant 
value 1 285 for the expansion curve, and at 
I 370 for the compression curve, then for the 
ranges of temperature met with m gas-engme 
practice no senous eiroi is introduced 

D C 
GAB 

ENGINES, SOME TYPICAL INTERNAL 
COMBUSTION 

§ (I) The Internal ” Combustion engine is 
so called because the gaseous or vaponsed 
fuel, mixed with air, is burned or exploded 
within the working cylinder itself m contrast 
with eather types of heat engme m which 
tlio working fluid, steam or air, is generated 
or heated by an external furnace For the 
histoiy of the development of the Internal 
Combustion engme reference may be made to 
Sir D Cleik’s work on The Gas , PeUol , and 
Oil Enyme (Longmans, 1909) 

The engineenng thermodynamics of Internal 
Combustion engines are dealt with in the 
aiiicle “ Engines, Thermodynamics of In- 
ternal Combustion ” , in this article some 
account is given of typical actual engines 
§ (2) The Cycle — All modem internal com- 
bustion engines work on either the four-stroke 
or two-stroke cycle, with combustion either at 
constant volume or at constant pressure, or at a 
combination of both these methods Of these 
the eonstant volume (Otto) four-stroke cycle 
engines form by far the largest class A very 
great deal of attention is, however, now being 
given to the improvement of the two-stroke 
eye le engme, which has long been established as 
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a reliable and economical pume mover in large 
stationary engine piactico, and is now lapidly 
increasing m favom, in single- and two- 
cylmdeied designs, in. the small quick-speed 
petrol types used m the piopulsion of motor- 
launches and cycles on account of its gicat 
simplicity and lelatively low pioduction cost 
Its extended adoption in motor vehicles in 
geneial is regarded as not unlikely m the near 
future 

The constant piessure class, typified by the 
Diesel engine, m both foui stroke and two- 
stroke designs, includes also the somewhat 
numerous so-eallecl “ setm-Diesel ” engines, of 
which one is described and illustrated later 
In these “ semi- Diesel ” oil engines the fuel 
admission is, in geneial, so regulated that 
combustion, takes place paitly at constant 
volume, and partly at (approximately) con- 
stant pressui e 

§ (3) Tiie Fuel — The fuels now success- 
fully employed aie also numcious and various 
Among gaseous fuels aie —Coal gas , pressure 
and suction producer gases (Dowson, Mond, 
National, Crosslcy, etc ) , coke oven gas , 
blast furnace gas , natural gas (mainly in the 
U ,S , principally CII 4 ) , and water gas Of 
liquid fuels may ho mentioned petrol , kero- 
sene (paraffin, or lamp oil) , mtei mediate oils , 
gas oils, ciude oils (filtered and fieed fiom 
volatile constituents) , residual oils , benzol , 
shale oils , coal tar oils , lignite oils , and 
alcohol, and mixtuios of these, as, cq, of 
petrol, benzol, alcohol, and kerosene Solid 
fuels are not yet practicable, though, m the 
laboratoiy, Diesel engines have boon made 
to run on coal dust, and engines of the Otto- 
cycle motor-car type on naplitlialono 
§ (4) The following have been selected for 
description and illustration as typical engines 
exemplifying ptesont day practice 

A Constant Volume Type 
(a) As a four -stroke Stationary Horizontal 
Single -cylmdei eel engine of medium power 
— the 100 Horse -power “National 5 ’ gas 
engine 

(b f ) As a four-stroko Stationary Vertical 
Multi-cylmdeied engine of medium powet — 
the Two crank, 300 Horse power, Tandem 
Four-cylmdered engine of the National G'as 
Engme Co 

(c) As a four-stroke Stationary Horizontal 
Two-cylmdered engme of large power — the 
Double - acting Tandem Single - crank 2500 
Horse power Nuremberg gas engine 

(cl) As a two-stroke Stationaiy Horizontal 
Single eylmdered engine of small power — 
the early Clerk gas engine 
(e) As a two-stroke Stationary Horizontal 
Smgle-oylmdered Double-acting engine of 
large power — the Kortmg gas engine 

(/) As a special two-stroke Stationary Hori- 


zontal Single- cylmdei ed Singlc-actmg engme 
of huge power —the Oecholhausei gas engme 
{g) As a typical “ Paraffin 55 engine — the 
Hornsey- Ala oyd oil engine 

B Constant Pressure Type 
(A) A description is given, with illustra- 
tion, of a normal foui-stioke Diesel engine, 
with some account of the two-stioke Diesel, 
and an lllustiated description of a Bust on 
“ semi- Diesel 59 engine The faige class of 
small, usually multi-cyhndered, qiuok-i evolu- 
tion internal combustion engines as used for 
the piopulsion of motor vohiolos, launches, 
an ci aft, etc , form the subject of a separate 
section 

§ (£>) ((t) The 100 If P Horizontal 
“ National 55 Gas Engine (i ) De so iptwn — 
A vertical longitudinal section of this smgle- 
cylin deied engine is shown in Fiq 1 Witlun 
the u woikmg band 55 or “ cylinder hnei 55 
AA slides a cast-iron piston BB attached to 
the eiank-shalt by tho connei tmg lod CC Tiro 
piston fits tho cylinder veiy accurately, hut 
complete gas tightness is ensured by six cast- 
iron spang lings DD The piston is oiled by 
means of tho lubucator E, and thiough tho 
hole shown in the piston “shut” oil is also 
enabled to leach the “ small end 55 or f gud- 
geon beanng ” of tho connecting rod At the 
left-hand end of the cylmdei is tho combustion 
chamber II, with m which aie placed the mlot 
valve I and tho exhaust valve K , holes above 
those valves, filled by easily removable plugs 
LL, permit them to be leadily withdrawn fox 
examination and repair or replacement 

Tho working baud of tho cylmdei, the 
combustion ehambei, and the valve casings 
aio all well cooled by a water jacket WWW , 
it will be soon that tho combustion chamber 
is a easting separate from that of the woikmg 
baud, and that the mlot valve easing is also 
a separate casting By disconnecting those 
three castings all jacket watoi spaces aio 
exposed, and can bo thoroughly cleansed from 
deposit , as pointed out in tho artide “Engines, 
Thermodynamics of Internal Combustion” 
(§ (02)), adequate cylmdei and combustion 
chamber cooling becomes a xnattor of increas- 
ing importance as tho dimensions of gas 
engines become larger The anangoment 
here adopted necessitates making a double 
joint , of those the inner is made with asbestos, 
and is screwed up hard so as to be tight under 
the explosion pressure , tho outer joint, 
having only to maintain jacket water tight- 
ness, is made with yielding rubber Tho valve- 
stem guides are also separate castings easily 
leplaceable after weai , m the case of the 
exhaust valve it will be seen that the design 
permits close access of cooling watei all round 
the stem , the exhaust valve seat is also so 
arranged as to be efficiently water-cooled 
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The cylinder lias a bore ot 16 inches with a 
piston stroke of 22 inches , the piston and valves 
aio not water cooled The wo i lung bail el, or 
cylmdei Imei, MM, is screwed up haul to the 
combustion chamber casting at the icar (left- 
hand) end, while at the fiont end an expan- 
sion joint is pi o\ided with the jacket 
casing PP , the woilung baud becomes much 
hot to i than the outei casing of the jacket, 
and it is veiy necessary to make provision 
m tins way for the dilfeionee of expansion 
thus aiming m mdci to pi event the ciea- 
tion of huge internal attaining actions with 
consequent risk of diatoition oi luptiue of 
eastings 

A light c ast-iion oil trough RR fitted m the 
ciank-pit pi events waste oil fiom saturating 
the engine foundations 

(n ) Method of W oiling — To start the 


and air is drawn mto the cylmcler , (3) tire 
second 111 -stroke then follows, compressing 
this fresh charge mto the combustion chamber 
H , (4) at the commencement of the next 
out stioke the mixture is ignited by a spark 
at the ignition plug S, explosion occurs, and 
the piston is driven forward This cycle is 
then repeated continuously so long as the 
engine runs 

It will be seen, therefore, that the engine 
woiks upon the Otto, or four-stroke, cycle, 
of suction, compression, working, and exhaust 
strokes, and that the piston accordingly 
receives one working impulse m every two 
revolutions of the crank shaft , the momentum 
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engine, the fly-whool is pulled round by hand 
until the piston has definitely comment ed its 
working stioke, an explosive mixture of 
coal gas and air is then pumped by hand, 
tlnough a small auxiliary valve, mto the com- 
bustion ohamhoi , failing coal gas a small 
quantity oC petrol is used The explosive 
mixture thus introduced is then fired by a 
spark at the ignition plug S obtained by 
operating the (low-tension) magneto by hand 
A working stroke of the piston immediately 
occurs, and considerable momentum is im- 
parled to the fly wheel , the subsequent oidor 
of operations is as follows , 

(1) Luring the return stioko of the piston 
tho exhaust valve K. is lifted and the burnt 
gases are discharged tlnough the exhaust 
pipe, and silencing appai atus, mto the atmo- 
sphore , (2) dunng the second out stroke the 
mlet valve t is open and a fiesh charge of gas 
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of the very massive fly-wheel T preserves the 
necessary degree of uniformity of xotation 
Tlie engine is governed by a variable admis- 
sion device operated by a governor of centri- 
fugal type by which the mass of the charge 
and also the supply of coal gas are reduced 
as the load on the engine is diminished 
Below quarter load the governor acts by 
cutting out ignition 

(m ) Details of W oiling — The ratio of com- 
pression, 1 Ip, is about 1/5 5, whence by equa- 
tion (71') of the “ Engines, Thermodynamics 
of Internal Combustion,” article, the cc air 
standard ” efficiency is 1 - (1 jp)° 4 — 0 494 , with 
this value of 1/p, wdnch coiresponds to a com- 
pression piesbure of about 140 lbs per sq 
in (abs ), pre ignition is avoided without the 
necessity of injecting a spray of water mto 
the cylmdei at full load running If p denote 
the mean effective pressure dunng the working 
stroke, in lbs per sq m , as ascertained from 
an indicator diagram, and if 

d= Diameter of piston, m inches, 
s = Stroke of piston, m inches, 
n— Number of revolutions per minute of 
ciank shaft, 

then the work done by the engine is expressed 
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ky 7^/4 a d 2 y p * &! 12 ✓ ?>/2 foot Ihb pei minute, 
and the indicated horse-power (IHP) ife 
1 /33000th of this, whence 

IHP =992 d 2 snp ✓ 10~ ,J (1) 

The Brahe Horse-power (B H P ) is less than 
the IHP by the power necessary to ovei 
come the frictional and fluid resistances of 
the engine itself , the ratio B H P /I H P is 
teimed the mechanical efficiency of the engine, 
and is usually denoted by the symbol y , 
hence, as /?=B HP/IHP, we have fiom 
equation (1) 

B HP =992 d 2 snppx 1(H (2) 

The product rjp is teimed the “ brake mean 
effective pressure,” and is largely used m 
calculations of the performance of small fast- 
running internal combustion engines of the 
petrol motor tjpe with winch it is impossible 
to obtain reliable indicator diagrams under 
ordinary circumstances 
The total distance, cr feet, covered by the 
piston m one minute is teimed the “ piston 
speed,” and is evidently equal to 2 n x 6/12 , 
thus 

Piston speed = cr = (3) 

(iv ) Perfcn mance — The performance of this 
100 h p National gas engine has been ascei- 
tained by numerous tests m practice, and has 
been found to be as follows 


Fuel used 

Maximum 

i h r 

Maximum 

B n P 

Mtclmmcal 

Efficiency 

V 

Coal gas 

111 2 

94 2 

847 

Benzol 

99 5 

82 5 

830 

Anthracite pro f 
ducer gas J 

93 7 

76 7 

819 

Coke producer^ 
gas j 

88 0 

71 0 

807 


the revolution speed being 210 pei mi nute 
It will be noted that at this speed the power 
required to overcome engine fractional and 
fluid resistances is 17 1 H P From equation (1) 
the corresponding mean effective pressures are, 
m lbs per sq m 


Fuel 

i> = 

% 

Coal gas 

95 

80 5 

Benzol 

85 

70 5 

Anthracite producer gas 

80 

65 5 

Coke producer gas 

75 

60 5 


while the piston speed corresponding to 
210 r p m is 770 feet per minute 
Horizontal single-cylindrical “ National ” 
gas engmes of this type are built up to a 
maximum of 185 brake horse-power , for 
higher powers multiple cylinders are used, m 
both horizontal and vertical arrangements , 
one of the latter is next described 


§ (6) (b) The 300 M P Vi-iuio vl “National ” 
Gas Engine (i ) Disruption — A ti ansvei so 
section of this foul cylindoiod two ciank 
tandem gas engine is shown m Fuj 2 
The engine eompnses two pans, each con- 
sisting of two cylinders A and B plated one 
above the othei, each pan being connected by 
a connecting rod C with a ciank H , tho uppoi 
pistons aie each 18 inches in diamctoi anti the 
lower each 17 inches, with a stioko of 18 
inches and the engine nuns normally at 
300 revolutions pei minute, so that the just on 
speed (equation (3)) is 900 loot pei minuto 
The uppei and lowoi piston of each pan are 
connected by a cast non sleeve, oi distance 
piece, IT inches m diametei, through winch 
passes a long nickel steel bolt by means oi 
wdnch the tlnee } >i eces ai o tightly held t < >got hoi , 
the pistons axe not watoi-cooled but are cast 
with an internal conical web EE which assists 
in the conduction of heat from the piston 
crown — noimally one of the hottest pails oJ 
an internal combustion engine Gas-lightness 
is ensuied by the live cast iron spnng nugH 
shown , neai the bottom of tlio skirt of the 
lower piston is placed a sixth, or “ soiapei, 15 
ring, to prevent the passage past the piston of 
oil fiom the ciank chamber 
! The lower portion of the upper cylinder 
contains only an, wdnch is alternately com- 
pressed and expanded during the naming oi 
the engine, and by its “ cushioning ” action 
contributes greatly to softness oi running by 
assisting to leverse the motion of the pistons 
when at the bottom of then stioke , the cranks 
are also balanced to fuithor aid smoothness in 
running 

Each cylinder liner with its water jacket 
casmg is a separate casting, but there is a 
gap at the lower one! of each between hnoi and 
casmg which is fitted with a water tight pac Ic- 
ing ling so arranged as to permit any relative 
movement duo to diffeienco of expansion 
the lower portions of the cylinder liners arc 
not water-jacketed 

The inlet valves I, V and exhaust valves K, 
K / open into a common port, and arc placed 
one above tho other, tho inlets being on top 
Both inlet and exhaust valves aie of east- 
lion, as aie also the coned seats m wlucli they 
rest , the seats are, however, separate migs 
capable of easy removal and replacement 
after wear The mloi valves carry on their 
stems gas valves M, M', which have no seats, 
but slide withm. a well-fitting cylindrical 
housing , the gas and air supply passages are 
formed by the partitioned casing N, NT Tlio 
gas valves M, M' open later and close oar her 
than the charge inlet valves I, F , tins prac- 
tice is common to all large gas engines and is 
adopted to avoid risk of pre ignition of fresh 
charge by any residual smouldering or highly 
heated exhaust gas remaining over from the 
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piovmus cycle When the anlot valve opens Iho charge inlet valve I closes, N' if, filled u ith 
at he end of the oGiaust stroke the com- piua air m readiness foi the commencement 
bustiun chamber contains hot burnt gases of the next suction stroke 
Iiom the inemous e\plo=ion , the fust inrush A centrifugal shaft governor regulates the 
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of pure air cools this, and the subsequent supply of mixture to the engine by the “ quan- 
supply of mixed gas and an can then safely tity ” method, m which the composition of 
enter, Towards the end of the suction stioke the charge remains sensibly constant, while 
the gas valve closes, and the final suction is its mass is vaned to suit the load 
ft om the lowor air chamber N' only , thus when Forced lubrication is used for all recipro- 
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eating and rotating paits, the oil being supplied 
by engine-driven valvele&s pumps at a pressure 
of 20 lbs per sq m , after use the oil returns 
to the crank casing and drams into a “ sump,” 
where it is filtered before passing into the 
oil pumps by which it is again delivered to 
the bearings The lower cyhndeis are lubn 
cated by the oil -which comes from the cross- 
head or “ gudgeon ” bearings, while the upper 
cylinders and metalhc -packed joint of the 
piston rod where it passes between the two 
cylinders aie supplied by a sight-feed lubri- 
cator fed by a small pump opeiated by the 
engme Starting is effected by means of 
compressed air Ignition is by high-tension 
magneto, with two “ sparking plugs ” PP m 
each eyhndei 

The arrangement of the valve-d living shaft, 
which is gear-driven from the ciank shaft so 
as to run at half speed m a four stioke cycle 
engme, is clearly indicated m the figure , 
the cams and rollers by which the valves are 
operated are of case-hardened steel 

(n ) Pei formance — On test, one of these 
engines developed 404 indicated horse-power, 
and 362 brake horse-power at 299 revolutions 
per minute, the powei was absoibed by a 
Heenan and Eioude hydrauhe biake These 


the known value 0S90, wc have also ini tin 
mean effective piesbuie, p~ 57/ H9(>~ (>3 (> lbs 
pei sq m 

Tandem single acting veitical engines <>£ 
this type aie made fiom 185 to 1000 Iiojho- 
jiowei , the 1000 II P engine has eight 
cyhndeis (four pans) opoiatmg foui ciankn 
Tho cyhnclcis of each pan aie 22 me lu h and 
23 inches m diamotei icflpeetiveiy , the sttnke 
is 24 inches, and the noimal i evolution spend 
is 200 per minute, tho ecu icspondmg piston 
speed being 800 feet pci minute 

§ (7) Relation of Weight to Power — In 
all engines tho weight pei unit of pouct 
developed mci eases with mcion ho in dim eli- 
sions, and tins is ono of tho reasons m fnvoui 
of tho adoption m many east's of tho multi- 
cyhndeied design The billowing Table, com- 
piled fiom actuil engines, bungs out tins point 
olcaily , thoiatedli II P is given, using blast- 
furnace gas as fuel, and tho engine weights 
pei BHP are given exclusive ot weight of 
fly-wheel In huge horizontal tandem double- 
acting gas engines tho inclusion of tho II y- 
wheol weight adds fiom 50 to 60 lbs to tho 
weight per B If P r rho fly-wheel alone ol a 
1500 B H P engmo of this typo commonly 
weighs about 35 tons 


Table I 


Weights pra BHP op Different Twits of (Us Engines 


Rated 

Single or 
Double 

Piston 

Dianietei xbtiol e 

No ofCjlindtiH mil 

2 Stroke 01 
i Hliolco 

lln olulloUN 

lll'l 

l Itdmi 


Acting 

(Inches) 

Air mgeuuut 

(Jyilo 

Mlnulo 

M/AUn 

1 

2 

3 

1 


(1 

7 

750 

SA 

18 x 18 

6 , 3 pairs vertical 

4 

300 

000 

1250 

SA 

26 y 24 

97 99 

4 

200 

800 

800 

DA 

28 

34 

2 , tandem , horizontal 

4 

130 

736 

110 

SA 

20 

31 

I , horizontal 

4 

170 

5(>7 

1000 

DA 

32 ^ 40 

2 , tanclem , liori/ontal 

4 

110 

733 

800 

SA 

51f x 55 

1 , horizontal 

4 

75 

470 

400 

SA 

24 x 30 

1 , 2 pistons , liori/ontal 

2 

130 

650 * 

1000 

SA 

34 > 37V 

99 99 

2 

125 

781 * 

750 

SA 

30 ^ 37V 

>9 97 

2 

125 

781* 

400 

DA 

22 1 x 39 I 

1 , horizontal 

2 

110 

725 | 

600 

DA 

27|x48 

9f 

2 

00 

720 | 

1000 

DA 

37J1 x 63 

}7 

2 

70 

735 1 

1500 

SA 

42 x51 

1 , 2 pistons , horizontal 

2 

94 

707 * 


* The relatu c piston speed is twice as great in these, the " Ocrlw lhaiiHOi ” engines 
j- Koerting Engines, see § (10) w/m, 


results give the high value 896 for the 
mechanical efficiency , to determine the 
value of r)p, equation (2) must obviously be 
modified for this case and written 

BHP =2 x 992 x IQ" 9 x snrjp (D^ + D^-d 2 ), 

W 

an ^ ^2 being the respective piston 
(Lameters, and d that of the piston rod , all 
in inches 

Bor a B H P of 362, this equation gives 
yp=5 7 lbs per sq m As m this case r) has 


w« ighi i 
Rati <1 U It I* 
(him ) 

H 


117 
150 
2 10 
270 
270 
418 

J79 

179 

J85 

196 

220 

231 

209 


set) § (II) mint 

§ (8) (r) Tins Tandem Horizontal Nurem- 
berg Engine (i ) Dm upturn —Tho design 
selected as typifying a modem big fom stroke 
gas engme is that of the 2500 horso-powor, 
two-eylmdored, tandem, double-acting, hori- 
zontal, smgle-crank engine of tho Maschmcm- 
Eabnk Augsburg Numberg A Q —usually 
styled, for brevity, tho Nuremberg Co,— ol 
which a longitudinal section is given m Pig, 3. 
The two cylinders A, A' aie placed m lino, with 
their pistons mounted on a common piston 
rod BB, to ono end of which tho connecting 
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iod C is attached , the wholo power of the 
engmo is transmitted by this connecting rod 
to the single crank D , the ciank shaft cames 
a massive fly-wheel, by the momentum of 
which the necessary degree of umfoimity 
of i evolution is maintained This engine is 
double acting, that is, each cylmdei is closed 
at both ends, and both sides of eaclx piston 
receive power impulses As a single acting, 
single- cyhndered, foui stroke engine receives 
one power impulse m every four stiokes of its 
piston, it is clear that m this ease as the 
power impulses are four times as fiequent 
there is a powei impulse at eveiy sti oke , 
the engine thus urns with veiy little variation 
m its revolution speed 

(n ) Cooling Avangement s — Bntish piaetieo 
so fai has generally favouied the Bmgic-actmg 
uncooled piston, on the score of simplicity 
in details, and this practice has limited piston 
diameteis to a maximum of about 20 inches 
With a big doublo-aotmg engmo, water - oi 
oil cooling of the pistons, and even also of 
the exhaust valves, becomos nccessaiy In 
this case the pistons only aio watoi cooled, the 
water being introduced through the hollow 
piston rod as shown m the illustiation 

The cylmdei s and cylinder covois are, of 
course, also water -jacketed , the ample water - 
spaces provided will bo noted m the section, 
and it will be seen that caio has been taken 
to bimg the water close up to the valve 
sealings , it is found that a watei pi ossuro 
of about 15 lbs per sq in above atmosphoio 
sulhees to maintain an efficient onculation 
thiough the jackets Fox the piston iod and 
pistons, however, it is found noeessaiy — on 
account of then rocipioeatmg motion — to 
provide a water pressure of from 45 to 05 lbs 
per sq m Water from the mam is frequently 
available at this pressiuo, but when this is 
not the case a pump is provided, driven by 
the engine, which doliyeis the cooling watei at 
tho necessary pressui o 

The watei -cooling system is well arranged 
throughout, each cylmdei jh fitted with an 
open water tank into which all watoi di am- 
pipes discharge m full view of tho attendant, 
and oach discharge is jirovidod with a thoimo- 
metex and a regulating valve so that tho 
tompcratuiG of each part can be ad justed 
independently as desired To avoid tho 
necessity of shutting each outlet valve when 
the engine is stopped, a main stop valve is 
'""'fitted in tho supply jupe, and this valvo is 
closed only when tho engine is not nmmng 

(m ) Lubrioahon — Tho lubrication of tho 
external hearings is effected from a largo oil- 
tank situated above the engmo from which 
the oil is conducted through pipes of ample 
diameter fitted with legulatmg valves, to the 
various points Surplus oil is drained away 
and collects m a sump an tho engine house, 


wlieic it is automatically filtered and then 
returned to tho supply tank by a pump driven 



by the engmo. Rolling levels and occentncs 
aio groase-lubnoatod 

For tho f oi cod lubrication of tho cylinders, 
piston rod stuffing-boxes, and exhaust valve 
guides, special oil pumps are piovidecl, and 
the supply to each point can bo independently 
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regulated The piston lod stuffing boxes are 
packed with a senes of rings of similai section 
each in three parts, made alternately of cast- 
iron and white metal , these aie pressed against 
the suiface of the lod by symmetrically 
disposed circumferential helical spnngs , lubn- 
oating oil undei piessuie is delivered into the 
middle of each stuffing-box Wear is found 
to be very small, and is confined to the 
packing rings, which are easily adjusted 01 
renewod 

In lllustiation of the efficiency of the 
cooling and oiling airangemenls piovided in 
these laige engines, it may be stated that 
a Nuremberg engine of 2000 horse-powei 
woiking with blast-furnace gas ran day and 
night for a period of nineteen months The 
engine was actually running for 98 3 per cent 
of the jiossible working houis, and the 1 7 pei 
cent of stoppages weie due to works repans 


the piston rod m the stuffing-boxes , this not 
only saves wear but also consideiably i educes 
the internal fnction of the engine Gas- 
tightness of the pistons is ensured by six self- 
tightenmg packing lings 

(v ) Governor ■ — The engine is governed on 
the “quantity” method, by which tho com- 
position lemams piactically constant, while 
the mass admitted is piopoitioncd to the 
power output required Should tho quality 
of the gaseous fuel vaiy, tho ratio of gas to 
an can he adjusted by hand while tho engine 
is i unnmg 

Two ignition plugs aio fitted m each 
cylinder, actuated by small eleetiomagncts 
forming part of tho plugs 

(vi ) Ptofoimance — Table IF gives the 
results of tests on a 1200 biako hoisc-powei 
Nuremberg engine using blast -furnace gas 
having a heat value per cubic foot ol about 


Tibll II 

Test Klsults prom a 1200 B II P Tandfm D A Nur* mbj rg Engine 


Item 

l 

2 

I 

l 

5 

6 

7 

Duration of test, minutes 

33 0 

28 0 

29 0 

26 8 

25 8 

25 8 

25 3 

Revolutions per minute 

106 0 

105 8 

106 3 

106 5 

10b 1 

105 8 

105 6 

Mean effective pressure, p, in lbs / \ 
sq m (average of both cylinders) f 

10 4 

42 5 

GOO 

G8 7 

71 1 

73 1 

75 3 

HIP 

577 

807 

1116 

1312 

1359 

1383 

1427 

BHP 

280 

557 

871 5 

1017 

1115 

1147 

1186 

IHP -BHP 

297 

250 

275 

275 

241 

230 

241 

Mechanical efficiency 

485 

090 

7G2 

790 

821 

830 

8H 

Value of yp m lbs /sq in 

14 7 

29 3 

45 7 

54 1 

58 G 

GO 7 

62 6 

Cub ft gas per IHP liouj 

101 

10O0 

91 5 

86 9 

87 2 

85 5 

84 6 

Cull ft gas per B II P lioui 

208 

146 

120 

110 

10G 

103 

101 8 

Heat valuo of gas, C Th U /cub ft 

49 2 

49 2 

49 7 

49 8 

50 4 

49 4 

48 8 

CThU pci I IIP hour 

4,909 

4950 

4548 

4328 

4395 

4224 

4128 

C Til U per B II l 3 hour 

10,245 

7174 

5969 

5480 

5353 

5090 

4968 

Indicated thermal efficiency 

285 

286 

311 

32G 

322 

335 

3di 

Biake thermal efficiency 

138 

197 

237 

258 

204 

278 

285 


and m no way to any defect of tho engine 
At tho end of this long period of servico the 
engine was loported as m excellent working 
older, and continued in oponition 
(iv ) PiUon Pods — An important detail of 
construction is that whereby tho heavy water- 
filled pistons aie prevented by then weight 
from causing “ ovallmg ” or undue wear of the 
lower portions of the cylinders and stuffing- 
boxes Tho long hollow thick-walled tubes 
of which the piston rod is hmll up aio turned 
with a slight upward camber so that the rod, 
when loaded with tho pistons, and supported 
by the throe crossfieads E, E, M, is exactly 
straight, arrangements are also provided m 
addition whereby each piston can he readily 
adjusted independently to tho oxact conti e of 
its own cylinder The whole weight of tho 
pistons and rod is thus borne by tho three 
external crosshead slides, and the pistons 
accordingly “float” m the cylmdeis as does 


50 CThU , tho pistons woio 33 40 inches 
in diameter (piston lod about 8§ inches dia ), 
with a stroke of 43 3 inches 
With reference to this Table it may be 
observed that the revolutions per minute, n, 
are dnectly counted, and that tho valuo of 
the mean efloctivo pressure, p 9 m lbs per 
sq m is ascertained fiom indicator diagrams 
taken from Loth cylinders, tho avorago valuo 
being tabulated Tho indicated horso-powoi 
may next be calculated, equation (1) being 
modified to suit this type of engmo by willing 

I II P =4 x 992 x 10-o sn: p(T)* -d«), (5) 

T> and d being the diameters m mchos of tho 
pistons and piston lod respectively 

The brake horso-powoi is directly moasui ed, 
and thenco the valuo of the mechanical 
efficiency 97 = B H P /I II P is known It 
will be observed that tho frictional and fluid 
losistances of the engmo itself absorb about 
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200 hoi so powoi when running at 100 ievolu- 
tions pci minute The biake mean effective 
pressure, yp, is now known and tabulated 
The total consumption of gas per hom m 
cubic feet is directly measured, and dividing 
the figures obtained by the IBP and B II P 
gives the consumption in cubic feet poi houi 
pei IBP and B II P respectively The heat 
value of the gas per cubic foot is dotoi mined 
by caloi nnetric tests, and thence the he.it 
supplied m 0 Th U per houi per IBP and 
pei B H P is immediately ascertainable 

Pm ally, as one hoise - power houi cono 
spends to 33,000 x 00/1400 = 1414 0 Th CJ pei 
hour convcited into mechanical work, tho 
absolute thermal efficiency of the engine is 
do tei mined by taking the ratio of 1 114 to 
the heat supplied to the engine in C Th U pei 
horse-powei pei hour 

Thus, at full load, this engine showed an 
absolute brake thermal efficiency of 285 , 
that is to say, 28 5 per cent of the whole boat 


Oioik two stroke cycle engine, with improve 
mcnis m detail suggested by oxpoueneo, is still, 
paiticulaily for Lugo engines, that which most 
successfully satisfies eveiyday requirements 

A section of the second Clerk two-stioko 
engine is shown in Fu/ 4 , an engine to this 
design was shown at the Pans Exhibition 
of 1881 It was of the horizontal, single 
cylmdered single acting type, and comprised 
a motor, oi working, cylinder A containing 
exhaust ports E, E', near its outer end, and a 
displacoi cyhncloi B , within those cylinders 
respectively work pistons C and 1), suitably 
connected to a common cianlc shaft Tho 
ciank-pm duvmg tho chsplacei piston I) was 
about 90° m advance of that operated by tho 
mot oi piston 0 

(n ) Method of Wot Ling — Tho ordoi of 
operations is as follows Near tho end of the 
working (out)stroke tho motor piston C ovei- 
mns tho exhaust ports E, E', and tho burnt 
gases immediately oscapo thcnco into tho 



supplied to the engmo appeared as useful 
oxtomal work In one hour tho working 
volume swept through by tho pistons is 
7r/4(D a - d 2 ) x 120??. x .s/1728 cubic feet , and 
at full load the heat evolved m 0 Th U per 
houi is 1127x4128, whence m this case the 
evolution of heat m C Th U per cubic feet of 
working stroke swept out by tho pistons has the 
.value 22 6 (see tho article, “ Engines, Thermo- 
dynamics of Internal Combustion,” § (09)) 

§ (9) (d) Two-stroke Engines tiie Barry 
Clerk Engine (i ) Des uiphon — Tho low 
frequency of but one working stroke m lour 
of the Otto cycle has always been icgarded as 
a serious disadvantage, and voiy numerous 
attempts have for long been made to mereaso 
the impulse frequency without sacrificing tho 
valuable practical advantages of simplv and 
effectively charging, exploding, expanding, 
and exhausting — combined with high thermal 
efficiency — which aie possessed l>y the four- 
stroke engine , no solution has even yet boon 
found which fully satisfies tho commercial 
conditions for both large and small ongmos 
The first explosion compression two -stroke 
or “ impulse every revolution 5 engine was 
invented and built by Clerk m 1878, and the 


atmosphere Simultaneously tho displacer 
piston 1), being m advance of the motor 
XiiHton, has passed the end oi its out-stioko 
and has commenced to return , during its 
out-stroko it has diawn into tho cylinder B 
an explosive nuxtino oi gas and air tluough 
tho sliding valve Ii and pipe W Tho com- 
mencing return ol tho piston I) causes tho 
mixture m B to become slightly compressed 
beioio the complete exhaust ol A, but not 
sufficiently to cause any material resistance, 
m tho delivery pipe comiottmg tho tw r o 
cylinders is an automatic inlet valve , as soon 
as tho pressure from B slightly exceeds that 
m A, this vnlvo uses and tho fiosh mixture 
thou ontois tho combustion chamber G The 
return oi tho motor piston 0 then causes the 
automatic inlet valve to olose, and subsequently 
compresses tho entrapped fresh charge into 
tho chamber G , this is then hrod at tho 
instant of maximum compression, explosion 
occurs, and tho working stroke follows Thus 
every out-stroko of tho piston 0 is a wotlang 
stroke, and the impulses aio therefore one per 
revolution of the crank-shaft, and are accord- 
ingly twico as frequent as m tho “ Otto ” 
tour-stroko cyclo 
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(111 ) Difficulties — In the ideal two-stroke 
motor the operations of chaigmg and exhaust- 
ing would be performed at least as effectively 
as m the four-stroke engine, and hence, the 
working impulses being twice as frequent, a 
two-stroke engine of given bore and stroke 
should develop at least twice as much power 
as the equal four-stroke, with the same thermal 
efficiency In piactice, howevei, there aie 
certain fundamental difficulties of the two- 
stroke cycle which have so far prevented the 
realisation of this ideal Thub, m the Otto 
cycle the mlet valve usually opens slightly 
before the end of the m-stioke of the woikmg 
piston and remains open not only throughout 
the whole suction out-stioke, but also foi a 
short penod aftei its completion , the suction, 
or te charging ” penod accordingly continues 
during about 220° of the crank-shaft i evolution 
In the two-stroke engine, however, the fiesh 
charge has to be introduced into the motor 
oyhndeL while the crank-shaft turns through 
only about 80° Hence the duration of the 
chaigmg opeiation m the Otto cycle is nearly 
three times as long as in the Cloik cycle 
Though this disadvantage is reduced by 
providing specially laige mlet valves and 
exhaust port areas, it remains still that the 
two-stroke engine is not m general capable of 
being charged so effectively as the four -stroke, 
and also that more power is absorbed m tbo 
chaigmg operation 

A second point is that in the Otto cycle the 
exhaust valve is open duiing about 240° of 
the ciank-shaft revolution, and hence the burnt 
gases have considerable time in which to escape, 
and aie moi cover assisted in thou exit by 
the return of the motor piston duiing the 
whole exhaust stroke, so that there lomams 
finally only the combustion chamber filled with 
residual exhaust at, or oven slightly below, 
atmospheric pressure In the Olork cycle 
engine, on fho other hand, exhaust has to bo 
accomplished during the voiy short mteival 
occupied by the motor piston m passing ovei 
the last jiart of its out-stroke and fiist part of 
the subsequent m atioke, so that not only m 
the combustion chamber but also m the work- 
ing cylinder tlieio remains some hot exhaust 
gas The ofloc t of this is to reduce the quantity 
of fresh charge that can bo introduced into 
the motoi cylinder, i e to dimmish tho 
“ volumetric efficiency 55 of the engine, with 
consequent diminution m the output of power 
Further, the commencement of the introduc- 
tion of the fresh charge while the exhaust 
ports are still uncovoied causes a loss of 
unburnt mixture by et short-circuiting ” direct 
through the exhaust ports into the atmosphere, 
and waste of fuel from this cause is frequently 
considerable m the very small petrol-typo 
two - stroke motor In large two - stroke 
engines, however, this cause of loss is almost 


| completely avoided, (a) by providing a 
j combustion chambei of somewhat elongated 
. conical foim as shown at G (Fit j 4), and 
i introducing the fiesh charge at the apex of 
tho cone, and (b) by sending fust into the 
motor cylinder a preliminary charge of an 
only to help m the scavenging (and cooling) 
of the residual exhaust gases, and following 
this up by the introduction of a correspond- 
ingly rich mixture of gas and an , this 
practice, initiated by Clcik m 1881, is still 
followed m all largo gas engines The 
doubled fiequcncy of woikmg impulses m 
tho two-stioko engine causes necossarily an 
increase in the moan heat -How from the 
cylinder poi second, and hence m the de- 
sign of this typo of engine special attention 
has to be given to tho details of the cooling 
anangenionts 

(iv ) Peijoi mnnee — These early Clerk two- 
stroke engines were constructed m sizes of 
from 2 to 12 nominal hoiso-iiowei, and the 
following test results obtained m 1884 from a 
senes of these engines aie still of much 
inter ost , tho fuel used was Glasgow coal gas, 
and the figures given are from the usual trials 
winch were earned out on all engines before 
leaving tho manufacturers’ woiks, and thus 
buily indicate the performance of the engines 
m ordinary service 

Tho mixture delivered by the displacer 
contained I volume of coal gas to 8 volumes 
of an , on passing through tho mlet and 
mixing with the rosidual exhaust gases m tho 
motor cyhndei it becomes further diluted 
Tho mcieaso of temperature acquired by 
contact with tho exhaust and with the cyhndei 
walls expands tho entering fresh gas, a 
temperature of at least 100° C being commonly 
attained before compression commences The 
expansion of tho entering fresh gasos thus 
caused expels more of the exhaust products 
through tho ports than would correspond to 
tbo volume swept through by tho motor 
piston between the closing of tho exhaust 
ports and complete m- stroke Tin ougli 
‘"turbulence” mixing occurs to a consider- 
able extent and the net result is the formation 
of a mixture explosive in every par t of it, and 
ot an average composition of 1 volume of coal 
gas to 9 volumes of other gases , thus the 
pi oportion of exhaust gases present is but 
small , that there is any at all arises from tbo 
necessity of preventing any appreciable loss 
of fresh mixture through the exhaust ports. 
The mixture employed was a comparatively 
rich one 

(v ) Efficiency — In these engmos tho value of 
the compression ratio, l/p, was whence tho 
“ Air Standard ” efficiency is 1 ~(J)° 36 

Rogardmg this as the highest conceivable 
efficiency, the degrees of excellence of the 
engines given m the table are to be estimated 
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] datively to 0 3(> and not to unity, thus wo 
li tve 


Absolute nett unlit ited 
tliu mil t f lie itmcy 
An stm <lu (I 
EUnioncj ulntnotoair 
st mil ml 


loi 

lbb 

105 

lot 

203 

30 

30 

30 

30 

30 

372 

a>2 

400 

01 

00 


bo that m the case of the engine of 12 nominal 
hoise-pou or the iclative nett indicated themial 


successfully utilised m the special design of 
largo honzontal gas engine made by Missis 
Koitmg of Hanovei, and the l)o La Veigne 
Co of Now York, a typical section is shown 
m Fig 5 The engine is of the smgle- 
cylmdered double -acting type, and woikmg 
on tlie two sttoko cycle, thus furnishes two 
impulses pei i evolution of the eiank shaft as 


Tabit 111 

Tj st Results ob Clerk Two stroll Engines in 1884 


No 

Item 

Nominal Power 

2 rr p 

4 IL l? 

0 IIP 

8 IT P 

12 xr p 

1 

Riametc i of raotoi piston, ins 

5 

0 

7 

8 

0 

2 

Kfiokc of mol oi ] list on, inn 

8 

10 

12 

10 

20 

5 

Dianuta of displace! piston, ms 

0 

7 

75 

JO 

JO 

4 

Shako of displace! piston, ms 

9 

li 

12 

n 

20 

5 

Revolutions of engine, per minute 

212 

190 

140 

112 

132 

, f 

Mean dfectno piessuro m lbs /sq in fiom motoi \ 






°L 

cylmdei diagram / 

41 2 

63 9 

55 2 

00 3 

018 

7 

in? fiom motoi cylmtlti diagram 

3 02 

8 08 

9 05 

17 38 

27 10 

8 

11 P absoibcd by displace! 

0 40 

0 80 

0 80 

1 50 

2 00 

0 

Nett 1 IT P of engine (item 7 - item 8) 

3 22 

7 88 

8 19 

15 88 

25 JO 

10 

B H P of t ligme 

2 70 

5 03 

7 23 

1 5 09 

23 21 

11 

Nett I HP -BIIP 

0 52 

2 25 

0% 

2 19 

2 25 

12 

Mechanical efficiency ri — — — J ^ ■ 
nett I II P 

81 

72 

88 

80 

91 

13 

Appioximato calorific value of gas, 0 Tli IT /cub ft 

320 

320 

320 

320 

320 

14 

Gas consumption, cub ft. pci I II P horn (item 7) 

29 28 

21 19 

24 23 

20 91 

20 39 

15 

Gas consumption pei nett 1 11 P hour, cub ft 

53 0 

20 6 

20 8 

22 9 

22 1 

lb 

G is consumption pei B H P hour , cub it 

39 4 

37 2 

30 2 

20 C 

24 1 

17 

Absolute tliennal efficiency oil nett 1 11 P 

131 

100 

105 

191 

203 

18 

Absolute hiako thermal efficiency 

112 

119 

140 

100 

m 

10 

Compusmon pi ess ure, lbs /sq in (abs ) 

53 

70 

03 

01 

72 

20 

Maximum explosion pressure, lbs /sq m (abs ) 

170 

! 251 

210 

210 

253 


efficiency was 5(5 per cent of the air standard 
Actually, as explained m the previous aiticle, 
tlie an standaid — obtained on the assumption 
of constant spenlic heat — ropiosents an 
impossibly liigh ideal, tlie maximum attain- 
able, with vaiying specific heat, having the 
low oi value for 


m an ordinal y stoam engine It compnsos a 
closed, water -jacketed, east non cylinder AA 
provided with a nng of exhaust ports BB at 
the middle oi its length, and containing a very 



hence the comparison of performance is 
proporly made between an actual thermal 
efficiency of 203 and an ideal thermal effi- 
ciency of 200 , and thus the actual ongmo 
m this case realised no less than 203/ 290, 
*& 70 per cent of the attainable ideal 

§ (10) (e) Till Kokting Engine (i ) De- 
scription — The Clerk two-stroke cycle is very 

VOL* I 


long piston 00 which overruns the ring of 
exhaust poits m its reciprocations, opening 
these ports to the one end of the cylinder and 
the other alternately The piston is attached 
to a piston rod which passes through a 
stuffing box in the cylinder cover and is 
connected to an external crosshead as m 
ordinary steam-ongmo piactioo , thence the 


y 
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pcmei is transmitted to the ciank -shaft by 
a connecting rod as usual The external 
crosshead not only keeps the “ gudgeon ” 
bearing or small end ” bearing of the 
connecting rod cool, but also relieves the 
piston of the lateral thrust due to connecting- 
lod obliquity, and thus much leduces cylinder 
ana piston wear Large gas engme cylinders 
adequately lubricated, and using gas free 
from dust, show but little wear, a 400 BHP 
cylinder after one year’s working, for example, 
showing an average wear of only 013 of an 
inch The cylinder is closed by deep cast-steel 
well water -jacketed covers EE, in which aie 
housed the cages containing the mixture 
inlet valves DD, normally held up against 
their seats by helical springs, and opened 
during the necessary intervals by a simple 
arrangement of rods and levers opeiated by a 
single eccentric on the crank-shaft 
In these large engines, instead of the single 
<£ mixture pump ” or “ displacer ” of the Clerk 
engme, separate double-acting pumps are pro- 
vided, one of which supplies air only and the 
other gas only The displacer oiank is placed 
about 100° in advance of the mam crank, 
as in the Clerk engine, and thus the air pump 
piston has travelled a short way on its dis- 
charge stroke when the inlet valve opens 
The gas pump, however, is so arranged that 
gas is not delivered until somewhat later Thus 
a considerable volume of air only flows into 
the cylinder at first, displacing and cooling 
the hot exhaust gases, so that when the fiesh 
unbumt gas enters later it mingles with tho 
relatively cool an m the cylinder, and thus 
risk of pre-igmtion is minimised It is very 
important m large gas engines to ai range 
that no explosive mixture shall be formed m 
chambers or passages , m the Kortmg engine 
the gas meets and mixes with the air just 
above the mlet valve In small gas engines 
the gas and air may be mixed m the pump or 
et displacer,” a back fiie into the pump being 
of little importance , m a large engine, how- 
ever, m similar circumstances, the result of a 
back-fire might easily pxove a senous matter 
(u ) Method of Working — The charge having 
entered the cylinder— first air only and thou 
mixed gas and air — the exhaust products 
having been thereby displaced, the working 
piston has closed the ring of exhaust ports by i 

a crank movement of 40° to 45° from tho , 

dead centre Compression then occurs, fol- ! 

lowed by ignition and subsequent expansion i 

The air pump valves are so arranged as to • 

deliver a full charge of air at every stroke ' 

whether the engine be light or loaded, but the < 

gas delivered by the gas pump vanes m amount < 

as determined by the governor Ignition is ‘ 

electric, and occurs at tvo points at each ond < 

of the cylinder, and means are provided by < 

which the time of ignition can be regulated > 


r by hand while tho engine is lumung, pom 
i gases, as e q blast furnaio gas, lequno eailioi 
ignition than piodimer gas, and tins, m like 
i manner, eailier than coal gas Wheie the gas 
i«i liable to vanation in quality tins adjustable 
ignition anangement is veiy useful Running 
at light loads, the mixture of gas and an 
admitted aftei the pichmmaiy chaigo of an 
only being of piactically constant composition, 
a readily lgmtible chaigo always exists at tho 
ignition plugs, and thus legulat filing is otisuied 
at light loads 

(m) Peifo? mance . — ICoi ting engines having 
an aggiegato of fully a q muter of a million 
lioiso-power have been built, and they com- 
pete stiongly against tho fom-stioko type, 
they aze built m si/es of hom about 400 B 1 1 P 
with a 221 inch cylmdoi and 301 inches slioke, 
running at 110 revolutions per imuutc, to 
2000 hoiso-powcr liom a singlo cylinder of 
43 inches diamotei, the stroke being 55 inches, 
and speed up to 00 i evolutions poi numiio 
The following insults were obtained on test 
with a GOO B II P Kortmg engine m 1<)01 
(Junge) 

Pern a piston, 29 7 m chameti r~— stroke, 55 1 m 
Piston nxl, 8 1 m diameter — revolutions per 
nnmite, 80 

Diameter of double acting air pump, 31 4 m — 
stroke, 42 5 m 

Diameter of double act mg gas pump, 27 0 iti — 
sttoke, 42 5 in 

Fuel producer gas fiom antluaoiio 
III P developed in working cylinder 845 
B Tf P of engine 073 
Fluid resistance 1 II P of pumps 88 
Ratio of pump n sistanoe to total I 11 I* 0 lot 
Powei— Piston speed 735 ft per nuiiuli 
Moan dlootivo puf-sme, <p t on powoi piston 
55 G lbs /sex ai 

Biake mean effective pressure, yp 44 3 lbs /sq m 
Anthracite burned poi B 11 p hour 0 8 lb 
Estimating the mechanical efficiency as tho value 
of tho ratio B 11 P /Total I IIP gives ^ 4) 8, wlnih 
is rather low, anil is due to the somewhat high 
pumpmg resistances which m this paiiioulai engine 
amounted to 10 4 poi cent of the total IBP, m 
lakr di signs the pumpmg JOsiRtancos have been 
much reduced and the mechanical effieiency oouc 
spondmgly moicwred For weight per BHP of this 
typo of engme see Table I {mpm)> 

§ (U) (/) Lmo Two-htkokm OrcnnrmMAtrHMt 
Enguntc fi ) Desorption A second type ol 
successful huge two -stroke gas engine winking 
on a modihod Clerk cycle is that of l)i Oeebcl- 
hausor, of which a diagrammatic section is 
shown Mi Fig (>, The engine is oi the hori- 
zontal, smgle-oylmdored, single-acting type, 
but the cylinder A A is open at both ends and 
contains two pistons B, R', working jn opposite 
dnections Just bofoto reaching the extreme 
out” position piston B oyoiruns tho ring 
of exhaust ports 0, whilo piston IV next 
overruns first a ung of ail mlet ports l), and 
veiy shortly aftorwaxds a second ring of gas 
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poits E The Imi nt exhaust gases immediately 
escape through the poits C and are assisted 
m thm exit by the cliaige of ficsh air undei 
slight piessuio which enteis through the 
poits I) This fresh air mmgles with, and 
cools, the icsidual exhaust gases, thus minim- 
ising risk ot pie ignition and also avoiding 
appieeiable loss of fresh fuel through the 
exhaust poits when the gas is subsequently 
admitted tin o ugh the ports E The mutual 
appioach of the two pistons eclipses the poits 
and the entrapped mixtuio is next compressed 
between them , at the end of tho in (com- 
pression) stroke, the mixtuio is fired electric- 
ally as usual, and the expansion (working) 
stroke then follows 

The double acting pump TT acts on one side 
as an an pump and on the other as a gas pump , 
gas and an aio sepaiately pumped into tho 
separate reset voirs K and L respectively, 
wherein they aic stoied at a piessuio of 5 to 
G lbs per sq m above atmosphere 

It will be seen that with tins arrangement 


cylinder and dnvmg it fiotn a dise oiank-pm 
on the end of tho ciank shaft Tho cvhnclci 
also has been much shot toned by the ingenious 
device of fitting spnng imgs in each of its 
ends, which imgs bear upon the piston sur- 
faces , m this way the pistons can be ananged 
to pioliudc from the evlmdci ends by i con 
sidorablc amount at out stioke, much as in 
the case of an oidinaiy plunger pump To 
pievent “canting” of the pisions both aio 
ngidly attached by short piston rods to sliding 
crosshesds guided both veitieallv and lion- 
zontalJy 

( 11 ) W oiling — Tho two laigc pistons altei 
nately issuing from and j eroding into tho 
working cylinder sot up pulsations in the 
atmosphoro of the engine-house, and these 
may cause ti oublesome rhythmic vibiafions 
of windows, paitilions, etc , this action is 
greatly i educed m cases wheio two engines 
aie installed m the same engine-house with 
ciank shaftH so ananged as to clilloi in phase 
by 180° 



no gas and an mixture exists anywhere but 
actually ivithn tho woilang cylinder To 
fuitbcr dimmish loss of unconsumed gas 
through tho exhaust tho maximum quantity 
oi gas and an delivered into the cylinder is 
only about 0 7 of tho cylinder volume Govern 
mg is effected, as m the K oiling engine, bj 
loduomg tho gas ehaige at light loads 

The ciank-shaft lias three tluows , to the 
middle thruw piston B is linked by the usual 
c^wi^TiKg lod, while tho two side throws 
-* p *‘ J aro linked by side connecting rods M, M' 
to crosshoads O, O', which aie coupled up by 
rods P, I v to tho budge-piece Q earned on tho 
piston lod R of pMon B' , thus the crank- 
shaft is subjected to a practically simple 
torque, and the cylinder is not required— as 
m all othei engine designs — to supply the 
reaction to tho actions on the working pistons , 
as a consequence the engine frame and cylinder 
can be made lighter Ilian usual 

In the design illustrated tho gas and air 
pump is shown driven cluectly by tho piston 
rod R, but m later designs the engmo dimen- 
sions are much reduced and weight diminished 
by placing the pump at tho side of the working 


The two moving pistons cause the lates of 
compression and expansion of the woiking 
gases to bo twice as rapid as usual, which is 
thermodynamically advantageous 

(m ) PprJ(»man<c - Tests by Piofessoi Meyer 
m 1003 of a 000 h p Boisig OeehelhmiHor 
engmo furnished the following results 


Dimivnsuwh oi' ISnwnm 


Dmmetei of cylinder 

20 0 m 

Mil oho of front piston 

37 5 „ 

Htioko of hack piston 

37 3 „ 

Double acting hi Pimp 


Diaraotoi of cylinder 

33 9 „ 

fttioki of piston. 

10 7 „ 

Diamctoi of hont piston lod 

3 35 „ 

Diameter of hack piston lod , 

2 78 „ 

Rmgle acting (las Pimp 


Diameter of cylinder 

23 2 , 

Stroke of piston 

10 7 „ 

Blower 


Diameter of cylinder 

05 „ 

Stroke of piston 

37 3 „ 

Diameter of piston lod * 

5 9 „ 
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No 

Item 


Numbci ot Trnl 


VIII 

IX 

X 

VI 

VII 

1 

Duration of tost, minutes 

20 

19 95 

40 

15 

19 95 

2 

Revolutions per minute, average 

103 

107 

106 1 

108 2 

107 4 

3 

Mean effective prcssuie p m lbs /sq in 

75 0 

73 8 

69 3 

62 3 

62 0 

4 

Total I II P from working cylinder 

821 

839 

780 

715 

707 

5 

jB II P estimated from blowing cylinder 

616 2 

G2G b 

574 8 

488 

473 8 

6 

Air pump, mean elective pressure front, lbs /sq in 

3 00 

5 38 

5 12 

5 50 

0 09 

7 

Ait pump, mean effective pressure, back, lbs /sq m 

3 36 

3 58 

3 41 

3 71 

3 94 

8 

H P absorbed by air pump 

68 3 

75 2 

71 1 

79 0 

81 5 

9 

(las pump, mean effective pressure, lbs /sq m 

3 53 

3 50 

3 58 

3 73 

3 84 

10 

11 P absorbed by gas pump 

7 7 

1 78 

7 9 

8 5 

80 

11 

Total H P absorbed by charging pumps 

76 

83 1 

79 1 

87 5 

93 2 

12 

Michanicil efficiency of blower 

839 

842 

833 

792 

785 

11 

H P absorbed m engine friction 

117 3 

117 3 

115 i 

129 2 

120 2 

14 

Galon he value of gas, C Til U /cub ft (lower) 

221 5 

218 5 

212 2 

218 5 

220 3 

13 

Ilcat supplied, V Hi U per total I II P hour 

3660 

3637 

3616 

1703 

.3682 

10 

that supplied per B 11 P houi 

4872 

4870 

4910 

5J20 

5480 


Tlio fuel used -was coke oven gas having tlie 
average composition by volume 


Hydrogen 

44 7 

Carbon monoxide 

11 0 

Marsh gas (CH X ) 

19 5 

Heavy hydrocarbons 

20 

Nitrogen 

17 5 

Oxygen 

Carbon dioxide 

03 

50 


100 


and tho average consumption, on these tests was 
10 8 cubic feet per total I II P hour 

Tho absolute thermal efficiencies realised 
woro 

A X 1 icncy hC ‘ lte(Ull0imal } 38(5 380 891 382 384 
A oiHuency l)rillv ° tlinnnal J- 290 290 288 261 258 

The mechanical efficiency, taken as the value 
of tlio ratio B II P /Total I II P , varied from 

0 67 to 0 75, a somewhat low result , the joint 
pumping resistances ranged Iiom about 9 per 
cent dt full load to 13 per cent at the lowest test 
load — calculated relatively to the total IHP 

The consumption of lubucatmg oil in the 
working cylinder was at the average rate of 

1 19 lb pei hour At full load 4 4 gallons 
of water were used poi total IHP hour , 
the cooling water temperature on entering 
was 22° G, and on leaving 42° C , hence 
44 y 20 a= 880 0 Til TJ of heat were earned 
off by the cooling water per IHP hour , 
so that, at full load, the heat expenditure 
account was roughly 

Ilcat Expenditure per Total IIIP Hour , G Th TJ 


Per cent 


Converted into mechanical work 

1414 

39 

Carried off in cooling water 

880 

24 

Carned off in exhaust gases and \ 
general heat losses J 

1343 

37 


3637 

100 

2=3 


(iv ) Indioato) Diagram — In obtaining mdi 
cator diagrams from an engine it is usual to 
so connect up tho recording drum that tho 
anglo turned through by it is always piopoi- 
txonal to the distance travelled by the piston 
along its stioke Tn the case of tho Oechcl- 
hauser engine a special procedure bccomos 
necessary, as the two pistons do not move 
exactly alike Tn the explosion position tho 
middle throw of tho crank-shaft — which is 
driven by the front piston — is at its mnor 
dead centre while the two side throws — dnvon 
by tho back piston — are at their outer dead 
ccntie When the double wot king stioko 
commences, duo to conncctmg-rod obliquity, 
the fxont piston travels more rapidly than the 
back piston, and this continues until ncaily 
half stroke , thereaftei the front piston moves 
more slowly than the back Thus Fig 7 shows 
by the inner heavy line the diagram obtained 
from an engine with reference to tho bad 
piston , when tho back piston has moved 
through OA the pressure upon it is given by A.B 
But at the same instant the front piston has 
dcsGiibed more of its stroke and lias reached 
some point, as C , drawing a vortical through C 
to meet a horizontal thi nugli B m B', it is 
evident that B / is a point on tho diagram 
corresponding to tho front piston In this 
way the fiont piston diagrams can bo con- 
structed, as shown by tho outer full hnc** 
midway between is drawn m dotted lino* 'The 
“ conected 55 diagram fiom wliicbr^Mic true 
mean effective pressure is deduced In some 
cases the true M E P is as much as 10 per cent 
greater than that deduced from tho single 
diagram as given by the indicator 

§ (12) Hay’s Engine (i ) Description — 
The ingenious two-stroke cycle valvolcss engine 
invented by Hay m 1891 may bo briefly reloricd 
to hexe as it is largely used at tho present day 
in very small sizes, as e q m the (petrol) 
engines of motor bicycles, launches, etc Tho 
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engine is not oE high volumetric eihcicncy and 
itsiiu 1 c onsumpiioms m genual, latliei heavy, 



V 

b' 


\ 

\ 

V 





* 



Stiohe of each Piston 


A diagrammatic section of the usual 
“ thieo-poit ” Bay engine is shown m Fig 8 
The ascent of the piston causes a partial 
vacuum m the crank chamber, and when near 
the top of its 
Mouement of stroke its lower 

i t t a , i edge uncovers the 

| 1 port A, thus allow- 

I mg an miush of 

w rssss . — ■ carburetted air 

C 0 A The subsequent 

II descent of the 

MoLentof P 1St0n , fi f 3t ° loses 

Back piston A and then com- 
presses the charge 
m the crank -chamber to 3 or 4 lbs per 
sq m above atmospheric pressure When 
near the bottom of its stroke, the upper edge 
of the piston first uncovers the exhaust 
port B, and then the inlet port C , the hp D 
on the piston deflects the entering stream up- 
wards so as to minimise loss of fresh charge 
by “ short -cucmtmg ” through the exhaust 
port The piston next uses, cutting off the 
ports 0 and B, and compressing the 
fresh charge into the combustion head 
At oi near the top centre the mixture 
is fired and the working stroke follows 

Leakage of charge from the crank- 

chamber is com- 
monly prevented 
by making the 

| crank-shaft bear- 

x # ings very long, and 
~ nrri V grease is some- 

on times used m these 


Jj’iO- 7 


duo to tlio escape of a portion of each fiesh 
dial go thiough the exhaust Its simplicity 



of action and l datively low manufacturing 
cost, lio woven, aro resulting m its mci easing 
use in the smallest class of engine 


as lubricant 

(li ) Performance 
— Expeiiments on an engine of this type by 
the late Professor W Watson and Mr Penning 
in 1910 showed that the proportion of each 
fresh charge which escaped unburnt through 
the exhaust port was considerable at low 
speeds, but diminished as the speed increased, 
as shown hereunder 


At .Revolutions 
pel Mmute 

Per cent of 

Fresh Charge lost 

GOO 

36 

1200 

20 

1500 

6 


The mean effective piessure was much 
higher at low than at high speeds, ranging 
from about 62J lbs per sq in at 600 r p m 
to 41 J lbs per sq m at 1500 r p m The 
volumetric efficiency was only about 40 per 
cent, and varied but little with speed, the 
greater loss of fresh charge through the exhaust 
port at low speeds approximately counter- 
balancing the larger volume of charge then 
entering the cylmder 
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Owing to tlie relatively large propoition 
of burnt exhaust gases in the charge when 
fired, the ‘ mixture ” supplied to this type of 
engine needs carefully adjusting within some- 
what narrow hunts m order to obtain regulai 


or “lamp od ”), gas oils, mtci mediate oils, 
crude oils, icsidual oils, and even Lu oils 
The following table gives some Jiguies 
obtained fiom tests of samples oi Iho mote 
usual oil fuels 


Table IV 


Description of Fuel 

Specific 
Gi ivitv 

Composition by Wc lglil, 
pei cent 

(Month Vnlu< m 
l 1 Th U / ! jI> 
(Low ei) 

C 

It 

0 

Crude coal tar 

1 05 

82 0 

7 

0 

10 4 

8 550 

Italian refuse petroleum oil 

047 





9,800 

A heavy Russian crude oil 

038 

So 6 

12 

t 

1 L 

10,200 

A Russnn pcti oleum refuse 

028 

87 1 

11 

7 

1 2 

JO, I to 

Texas fuel oil 

022 





10,120 

Blast f urn ice oil 

020 

81 6 

10 

0 

5 8 

8,120 

Astatlu (Russian lesiduil fuel oil) 

90o 

84 0 

11 

0 

1 I 

10,500 

An American heavy crude oil 

880 

810 

1 5 

7 

1 t 

10,000 

Benzol (a by product m coal gas manufaciuu ) 

88 





9,000 

A light Russian crude oil j 

881 

875 

80 3 

13 

0 

0 1 

10,800 

10,000 

“ Russolene ” (a lehned Russian petroleum) 

825 

80 0 

U 

0 

0 

10,000 

Broxburn lighthouse oil (from shale) 

810 

80 01 

13 

00 

0 00 

10 too 

“ Royal Daylight ” (a lefined “ lamp oil ") 

797 

85 7 

li 

2 

0 I 

1J.090 

An American “ Kerosene 95 (lamp oil) 

796 

85 n 

U 

21 

0 00 

10,1 10 

A heavy petrol 

700 





10 , too 

A light petrol 

719 

85 2 

u 

8 

0 

10,250 


lgmtion , otherwise ignition only occuis at 
every alternate out-stroke, and the engine is 
said to “ four-stroke ” m oidmaiy parlance, 
the intermediate stroke having only a “ scav- 
engmg 55 action When alternate firing takes 
place much higher explosion pressuies are 
attained, due to the ncher mixture then present 
The power output of these small engines, due 
largely to their low volumetric efficiency, is 
usually only from about 10 per cent to 30 per 
cent greater than that of a well-designed four- 
stroke cycle engine of the same bore, stroke, 
and speed 

It may be noted that these engines will run 
equally well an whichever direction they may 
be started, and this feature is of value when 
they are used for the propulsion of motor 
launches, and an other cases where ready 
reversibility is required 

§ (13) Heavy Oil Engines Details of 
Fuels —With the volatile liquids or “ oils ” 
of specific gravity less than about 0 76, and 
flash-pomt usually lowei than the ordinary 
atmospheric temperature of 15° C , as naphtha, 
petrol, benzol, etc, the formation of an ex- 
plosive mixture with air is a simple matter, 
and the earlier engines accordingly used such 
“ kght oils ” as they were termed The problem 
of readily forming an explosive mix t uie of 
uniform composition of the heavier petroleum 
oils with air proved much more difficult, though 
it has now been fully solved, very many types 
of heavy oil ’ engine being m everyday 
service using as fuel “ kerosene ” (“ paraffin ” 


Figures for petiol aic given to enable a com- 
parison to be made with the bcaviei oils, 
it will be obseived that for the heavy Amouoau 
and Russian petroleum oils the average (lowei) 
calonfie value in OThU per lb vanes but 
little from a mean of 10,300 

§ ( 14 ) (7) Tun IIornbby - Akkoyju On, 
Engine (i ) Descnptwn — Numerous dovit oh 
are employed m lioavy^oil engines to vaponse 
the charge of oil forming the explosive mixture 
with an The type hoio aelfOod for dew up- 
tion and illustration is that m wliic h a com- 
bined vaporiser and explosion chambet is 
formed as a prolongation oi tho cylinder com- 
bustion chamber , of this typo tho host-known 
example is the Ilomsby-Akroyd engine, ot 
winch a longitudinal section is shown m 
Fig 9 

Tho engine is of tho usual honzonlal, smgio- 
actmg, single- (oi double ) eylindoml, four 
stioke typo, but is provided at the combustion 
chamber end with a partly or wholly imooolod 
smaller vessel A, termed tho “ vaporiser ” or 
“hot bulb,” which is constantly m free com- 
mumoation with tho cylinder through a rela- 
tively narrow nock or “ ohoko ” B , the 
cylinder is also provided with an air mlot and 
an exhaust valve of tho usual type, both 
cam-opeiated, which aio not shown m tho 
figure 

Tho oil tank is fonnod in Uio engine bod- 
plalo, a centrifugal governor rogulatoa tho 
engine speed by opening a by-pass whon tho 
speed increases, thus pormittmg a portion of 
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with lesultmg deposition of caihon, winch m 
time chokes up the vapouser The temper a- 
tuio is legulated by admitting more 01 less 
water to the jacket 0 which sun ounces the 
nock and part of the vaporiser itself In 
many hot-bulb engines, however, pre-ignition 
at heavy loads is avoided by allowing a few 
drops of water to entei the chamber during 
the later stages of compression On the 
otliei hand, the vaporiser may become too 
cool when the engine is run at light load, 
and m this case the lamp must be used 

(m ) Performance — A test of a 25 horse- 
power ITomsby-Akioj d oil engine made by 
Piofessor Robinson in 1898 gave results as 
follow Piston diameter, 14 5 m , stroke, 17 
m , fuel, “ Russolene ” At full load the engine 
ran at 202 6 revs per minute and gave 26 74 



the od delivered by the oil pump to pass back 
into 1 In* oil tank 

(n ) Method of Working — To star t the engine 
the unjackc ted portion of the \apousei is hist 
heated by a blow-pump for about 10 minutes , 
the lly- wheel is next turned by hand and the 
piston performs its suction slioke, drawing, 
through the inlet valve, a charge of an only 
into the cylmdoi Hus air enters the cylinder 
dried, without passing through the vaporiser 
Simultaneously a char go of oil is spiaycd into 
iho “ hot-bulb ” by the oil pump shown, and 
this at once vaponscs On tho rotum stroke 
ot iho piston tho air is compressed, and a 
portion passes through the neck B and mixes 
with tiro vaporised oil Tho mixture 13 at 



first too noli to ignite, but the ongmo is so 
adjusted that just as compression is com- 
pleted tho ( oiiect explosive mixture is reached 
in the hot-Jjuil) i tho heat of tho walls then 
eaiisu&wf^plosion and tho piston moves out- 
and per J onus lib working stroke, this 
is followed by the exhaust m-stroke, and 
the cyelo then recurs The whole dovice is 
eminently simple and has pjovod very success- 
ful, and a great number of internal combustion 
engines, both of four stroke and two stroke 
typo, are now made on tho “ liot-bulb prin- 
ciple.’ ’ 

Alter running for a few minutes it is found 
that tho blow -lamp may bo romovod, tho hot- 
bulb temperature being thereafter sustained 
by the heat communicated to it from the 
successive explosions, the ignition then be- 
comes completely automatic If tho vapor- 
iser bo allowed to become too hot pro-ignition 
occurs, and tho oil may also be <c cracked,” 


(abs ) , and mean effective pressure about 
44 lbs /sq m 

The oil per B IT P hour was 0 74 lb , cor- 
responding to an absolute brake thermal 
efficiency of 185 The best compression 
pressure for use with anj- given oil is found 
by experience , thus “ Russolene ” was found 
to permit a higher compression, and to give 
15 pel cent to 20 per cent more power than 
“ Royal Daylight ” Compression may be 
vanod by fitting chflerent-sized vaporisers, 
and m engines of over about 50 B H P by 
fitting distance-pieces to the crank-pm end 
of the connecting rod m addition These 
engines run best on kerosenes, and particularly 
with the standardised Russian oil of 825 
S p gr and 30° C flash-pomt by Abel close 
test , they have, however, also been run on 
crude, gas, and residual oils 

Later tests have furnished still better 
results, thus m 1908 Professor Robinson 
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obtained from a 32 B Ii P Horn &Ly- Aki oy-cl 
engine usmg Russolene (cal value in this case 
10,250 C Th U per lb ) a consumption of only 
0 613 lb per B H P horn, coirespondmg to 
an absolute brake thermal efficiency of 220 
Smgle-cylmdered engines are constructed up 


automatically from 


EXHAUST. 



Pig 10 

to 185 B H P , and with, two cylinders to 
370 B H P 

§ (15) (h) The “Constant-pressure” Cycjle 
Diesel Engine (i ) Description —The lead- 
ing characteristics of the Diesel engine are 

(1) the compression of air only up to the 
maximum pressure attained in the cylinder, 
usually fiom 450 to 500 lbs per sq m , and 

(2) the regulated admission of the fuel, usually 
a heavy mineral oil — blown into the com- 


bustion cliambei by a Mist ol vciy Inch 
pic&suic air — m a Mate of ovhemely line 
spnay, duimg tlio lust part of the wmkmg 
sttoko, so tbit it bums at appio\rmat< ly 
constant piossmc, the ignition ouuinng 
the high temperature 
developed in the ad i«i> 
bat lc ally < (impressed 

an The oy< le has b< en 
considered I tom f ho 
theimodynamu stand 
point in the ailuJo on 
a Engines, Therm o- 
dynamus of Internal 
Combustion ” 

A section thiough a 
usually [>o of f out st k » ko 
Diesel engine is slunur 
in b'itf 10 It util bo 
seen that the engine ih 
of tlio inverted vet In a) 
smgle-m ting t ype, t oni 
putting a iongnndheavy 
piston Am oi King within 
a well water -jacketed 
cylinder B, and duving 
the ciank -shall 0 
through the usual typo 
()f connecting tod I) 
In the deep witci- 
cooled detachable 
rvlmdei bead E are 
situated the mi inlet 
and exhaust valves (not 
shown m the diagram), 
which are of the usual 
'“poppet” oi “musli- 
xoom” type, uoimally 
held up in then* seats 
by spnngs and opened 
inwards by cams on an 
oveihoad shaft U 
Daough the agency of 
lolJei -ended rocking 
loyois as mcliealed 
The shall. II is of 
course driven at half 
the speed of the crank- 
shaft The fuel ignition 
valve K is also located 
in the cylinder head, 
and m uncut designs is 
generally planed m the 
centre, it is a fundamental difficulty m all 
internal combustion engines wherein (ho fuel m 
sprayed mto the combustion chamber at or near 
the instant of maximum compression to secure 
a uniform mixturo giving rapid and complete 
combustion, and some of the earlier Diesel 
designs failed largely from this cause alone. 
By placing the fuol injection valve m the 
centio of the cover, and so forming its on Hi e — 
and often the upper surface of the piston 
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ci own also— as to assist m the instant forma 
tion and umionn chrpersion of the cloud of 
spiav throughout the combustion chamber 
space, this difficulty is overcome 

(n ) Method of W oiling — The engine is 
staited as follows By means of a hand lever 
the crank-shaft is racked tound until the 
crank-pm is just over the top centre , next a 
starting level is operated bv which a starting 
cam is brought into working position The 
fuel blast iescivon valve and starting reser- 
voir valve being next opened, an from the 
lattci at a pressure of 700 to 900 lbs per sq m 
enters the cylinder through a small staitmg 
valve situated in the cover, and the engine 
mmicdiatelv moves oh Aftor a few revolu- 
tions under the compressed an fiom the 
lesorvon the starting lever is moved back, 
and the engine at once takes up its noimal 
working cycle and continues to lun Tho full 
i evolution late is attained at once, but tho 
noimal power output is not reached until 
the cyhnclei is well wanned up 

In the caso of a new engine the an reservoir 
for starting is sent out fully chaiged , there- 
after its pressure is maintained by a small 
pump driven by the engine itself 

The charge of fuel is also blown into the 
cylinder through the fuel injection valve by 
a blast of air from this reseivoir 
The fuel injection valve comprises a needle 
valve held down on its seat by a spring and 
lilted by a cam-operated lever A fuel 
force pump delivers the charge of oil fuel into 
a narrow annular space surrounding the 
noodle which is also m constant communication 
with tho air blast reservoir during the miming 
of the engine lienee immediately tho needle 
valve is raised the charge of oil is blown 
with great velocity into the combustion 
chamber through an expanding nozzle, in the 
form of a uniformly diffused cloud of mist 
which instantly inflames m tho achabatically 
compressed an whoio temperature is at this 
instant fiom 500-550° 0 The fuel is caused 
to enter., the combustion chamber just befoxo 
tjgMrttfnpletion of the compression stroke, and 
~sit full load the injection is continued during 
tho first 20° to 30° of crank-shaft revolution, 
the mixture burning at appioximately constant 
pressure timing admission Engine speed is 
controlled by a governor actuating a by-pass 
valve m tho fuel pump supply whereby a 
variable proportion of the pumped oil is 
relumed into tho suction pipo as the engine 
load is varied 

The fuel injection needle valve must be 
regularly cleaned at intervals of about a 
fortnight , a sticky needle valve may cause 
pro ignition through leakage of fuel oil dunng 
the compression stroke , such a defective 
valve, moreover, allows the very high pressure 
blast air to enter the cylinder in abnormal 


quantities, and tins also may cause iuptuio 
of the cyhndei through excessive ptesauic 
caused by its subsequent fuithei c (impression 
by the using piston IT o vision is sometimes 
made against excessive piessuie by lilting 
relief valves m the cylmdci head 

Tho high - compie&Hion and an blast pic smuts 
employi d necessitate workmanship of the highest 
quality m tho const] uction of the JLhcsd engine, and 
the necessity of providing against occasional abnor- 
mal presumes m the cyhiitlei lenders this iyjm of 
engine somewhat hea\y m lelation to powu output 
The high compicwuon also neccHHitatcs the fitting of 
\cry heavy ily wheels in low cylindered loin stioke 
engines m older to attain the ic quisito uniformity m 
rotation of tho crank-shaft hoi land Diesel engnus 
up to 200 B II V tho weights pci Jill I* (including 
fly-wheels) aie, roundly, as follows (compare Table L ) 

Bor single cyhndetcel engines 000 lbs 

Boi two cyhndeicd engines 520 „ 

Bor three cvhndoied engines 350 „ 

Box tin eo cyhndei ed engines \ 

(without lly wheels) j M 

(m ) Fueh — Experiments have been con- 
ducted with a gioat vanoty of fuels, including 
potiol, Ivcroscno (lamp oil), gas oil, undo 
Russian, Am one an, and (lei man mmeial oils, 

: Aatatki, slialo oils, coal tai oils, lignite oils, 
palm and nut oils, castoi oil, fish oil, alcohol, 
coal gas, pioducor gas, and coal dust Tho 
gieatest success has been attained with tho 
kerosenes and heavroi peti oleum oils, and it is 
on theso, and paiticularlv on tho hoavy 
dark biown crude Texan fuel oil oi sp gr 
about 925, flash point about 85° V , and 
(lowei) caloulie value about 10,100 O.Th U 
pei lb —as laigely used foi lmng steam 
boileis— that most Diesel engines in Cheat 
Britain are run Dr Alhiei, m a jiapoi read 
bofoie tho German (his Association in 191J, 
stated that tho tai produced m large quail titles 
m the coal gas and coke oven industries can bo 
used successfully as a filed foi Diesel engines, 
provided a small quantity of a readily igmtable 
“pilot” futd, as Texas oil, be injected either 
just before, or simultaneously with, tho 
admission of tho tar to tho combustion 
chamber , tho combustion oi tho pilot fuel 
starts that of the heavier luck Using gas 
oil as the pilot fuel, Dr Allnor all inns that 
crude tar may bo used m Diesel engines. 
In general, however, it is hold to bo a 
desideratum that tho fuel omjdoyed should 
bo free from tar, milphui, and acid imjmntios 
Coal dust, injected with a proportion oi “loan 
gas,” has been used — undor cxpei imontal 
conditions only— -as a fuel, and furnished 
indicator diagrams of normal type ; but the 
difficulties of utilising any solid substance as 
a fuel under ordinary conditions of working 
have yet to be overcome 

(iv ) Performance — The economy of fuel 
with the four-stroke Diesel engine is very 
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marked , a trial of a two- cylinder ed, 1 60 boi&c- 
powei, four stroke Diesel engine by Mr Ade 
Clarke in 1905 furnished the following results 

Piston dn meter, 15 75 m — stroke, 23 6 m 
Fuel — Texas oil, 0 922 sp gr , calorific value, 
10,720 C Th U per lb (higher value) 

The outlet temperature of the cooling water, at full 


opening of the exhaust polls , i ho H(a\cnging 
is not quite so good, but the engine is ot 
gieatei simplicity in construction As m dl 
Diesel engines the iuol is not admitted until 
nearly the end of compression, any sliorl 
circuiting of ail through the exhaust polls 
during its admission m immaterial In 19 H 


Table 


Test Results oe Two oylindlr, Four stroep, 100 II p Diisui Enginl 


No 

Item 

0 

l 

At bold 

t 

Full 

1 

Duration of trial, minutes 

30 

CO 

61 

00 

60 

2 

Avuage l evolutions per nnnuti 

159 

J58 

158 

157 

15! 5 

3 

Average mean effective pressure, p, m lbs /sq m 

43 0 

42 l 

56 l 

09 l 

11 I 0 

4 

Total IHP 

39 6 

74 9 

UK) 0 

126 8 

201 1 

5 

II P absorbed by air compression pump 

2 98 

2 97 

3 0 

3 25 

3 30 

6 

Net I H P 

36 62 

71 93 

97 0 

123 (> 

201 l 

7 

Estimated BHP* 

0 

35 3 

60 1 

87 2 

164 8 

8 

Mechanical efficiency, rj per cent f 

0 

47 2 

60 1 

68 8 

80 7 

9 

Oil per (total) IHP houi, lbs 

384 

342 

290 

321 

328 

10 

Oil per BHP hour, lbs 


725 

106 

167 

too 

11 

Rise of temperature of cooling water m 0 C 

57 

56 

51 

43 

52 5 

12 

Temperature of exhaust gases 0 G 


158 

107 

210 

381 

13 

Total indicated absolute thermal efficiency 

344 

386 

411 

112 

(03 

14 

Absolute brake thermal efficiency 


183 

260 

283 

32t» 


* The B II P was taken as total HIP - 39 6 
t The mechanical efficiency was taken as B II P /total X II P 


load, was 67° 0 In the “ No load ” trial only one 
cylmder was producing power, the other pumping idly ' 

In May 1909 Mr A J Pfeiffer stated before the 
Inst of Electrical Engineers that there was then m 
service a four eylindered, mverted- vertical, single 
acting four stroke Diesel engine giving 800 B H P 
at ISO revs per minute, and that this was about 
the largest that will run satisfactorily without water 
or oil cooling the pistons and exhaust valves 

§ (16) (t) Two -stroke Diesel Engines 
(i ) JDeso iption — -Marine Diesel engines are 
usually of the two-stroke type, single-acting, 
which possess advantages over the four-stroke 
of reduced weight and space, lower pioduotion 
cost, and greater simplicity m reversing There 
are two principal types of two-stioke single- 
acting Diesel engines, m both of which the 
piston overiuns a ring of exhaust ports when 
near the bottom of its stroke— as m the Clerk 
engine In the one type— which is rather the 
more efficient — air inlet valves are provided m 
the cylinder head which are opened just after 
the exhaust ports are overnm, and effect a 
very complete scavenging action, leaving the 
cylmder filled with nearly pure an which is 
compressed by the piston during its leturn 
stroke as usual In the other type, which has 
been developed largely by Messrs Sulzer Bios , 
of Winterthur, the air inlet valves are 
dispensed with, and inlet ports provided m 
the lower parts of the cylinder which are 
overrun by the piston shortly after the 


[ a four cylinder, Lwo-ntroke, m veiled -vortical, 
Single-acting engine of 2 100 B II P oi Nul/ci 
type was installed m an oleotuc gcncmtmg 
station m Fiance 

(n ) Difficulties — One ol tlio most hcuoum 
troubles with Diesel engines auscs tmm the 
loss of compression pi cssmo clue to tlio wear 
of piston and cylinder walls m the usual design, 
wherein the piston is illicitly connected to 
the connecting iod This wcai is mainly 
caused by the side thrust due to the obliquity 
of the iod, and homo m large engines, and 
especially m raanno service, (he external 
orosshood is favoured, as with tins the oylmdei 
is lelievod of all side ptessure At lent ion is 
being given to the pjuxiuoUon of Hiitmiuctoiy 
designs of double acting, two-stroke Diesel 
engines for maun© service , the oluof difficulty 
to be overcome is that of providing adequate 
cooling arrangements 

§ (17) The Huston “ Cold Htaritnu m 
Engine (i ) Description — Mchbi’h Huston, 
Proctor <fe Go have recently produced a 
valuable design of Diesel type m rcnjicct of 
the high compression of the air and automatic 
ignition of the fuel, but m which the costly, 
complicated, and sometimes troublesome au 
compressor used m the Diesel engine m con- 
nection with the fuel injection is completely 
eliminated ' 

A section through the cylmcloi of the 1915 
design of “ cold starting ” ongmo is given 
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m Fuf 1 J 1 , the engine is of the horizontal, 
single - c ylmdoi ed, single - acting, four - sti oko 
type, and is built m sizes langmg fiom 20 to 
170 hoi so powei 

On the suction stioke the piston draws m 
air only tin out* h the valve A, subsequently 
compressing tins into the small explosion 


needle valve and a mnnbu of small oil ducts 
converging to a cential onlicc A small 
fuel foiee ]iump operated by a quick at ling 
oi “ steep ” cam compels the chaige of oil 
delivered by it to lift the sptmg closed needle 
valve , the chaige is by tins means caused to 
enter the explosion chain bei m the fonn of 
an exceedingly line spray oi 
“ mist” , tlie lift of the needle 
valve lvS of the oulei of two- oi 
thiee-hundiedths of an inch 
onlv 

(n ) Method of Woihncj — 
By means of an stoied at a 
pleasure of 200 100 lbs pci 
sq m maicsscivon the engmo 
is i caddy stalled, and alter 
one oi two involutions picks 
up its working cycle, starting 
is thus elleeted liom cold, and 
the engine may he iun on any 
of tho usual grades of fuel oil 
When tai oils are employed 
it is neccssaiy to use about 
5 poi cent of a moie readily 
ignitablo oi “ pilot ” fuel to 
initiate combustion , this is 
mtioduced by a special atom - 
lsei httod with a small needle 
valve inside a tubulai, mam 
fuel needle valve, served by a 
pilot oil pump Tho spi un- 
loaded plunger of this pilot pump is opozuted 
by fluid piossuie fiom the mam fuel pump 
in such mannei as to absolutely cnnuio 
tho injection into the cyhndei of the pilot 
igmtmg chaige immediately bcfoio that of 
the mam chaige Test results show that, 
using a fuel of 0 02 sp gi and talonhe value 
of about 10,000 0 Tli U pel lb (lowoi value), 
tho consumption per B II P hour ranges 
fiom 0 48 lh in the 20 hoi so power engine, 
down to 0 10 lh m the 170 hoise-powoi 
size This eoncHponds to an absolute brake 
thennal efficiency ol about 0 29 to 0 35, which 
oompnics lavourably with culinary Diesel 
piaetieo 

(18) “ REMT-DiiesnrP’ E^untch -~ Tho 
great economy of luel consumption of tho 
Diesel engmo has caused many attempts to 
ho made to produce designs m which, 
without much saonhco ol mean oflecttvo 
piossuie and economy, production cost and 
weight are saved without having joeouiso 
to the high eompiossion pressuio used m 
the Diesel engine, and fiuthei, by dispens- 
ing altogether with tho oostly and oomph” 
cated high pressure air blast which has so 
often proved a soiuco of iroublo and even 
danger 

As such designs havo boon evolved fiom 
a study of tlie porfoimance of Diesel engines 
they have come to be styled “ semi-Diesel,” 
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chamber B to a pressure of about 430 lbs 
per ^ s({ m , which is logarded as giving a 
sufficiently high temperature to ensure the 
ignition of any fuel oil Just before compres- 
sion is completed tho chaigo of oil is injected 
diioctly into the explosion chambei thtough 
an “ atomiser,” v hereupon it immediately 
ignites, and tho woikmg stroke then follows , 



a normal full load indicator diagram is shown 
in Ftg 11a 

Very peifcct “ atomisation ” of tho fuel 
is essential to high engine efficiency, the 
Ruston atomiser comprises a sprmg-qlosed 

J Fiom Livens on Oil-engines, Proc I Meoh P , 
July 1920 
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though, as they employ a hot- bulb to ensuio 
ignition of the sprayed charge of oil, they 


WATER 

SPRAYING 

VALVE 



Fi Q 12 

would be more justly described as “ Akiovd ’ 
engmes J 

(i) The OC Engine— A good example of 
this ckss is the “CG” engme of Messrs 
Euston Proctor A Co , of which a section 
through the combustion chamber end of the 
cylinder is shown in Fig 12, the engine is 
type* 6 ll0nZ0nta1, SUlgle “ acting, four - stroke 

r J^°7 h vaIve A, air alone is 

drawn during the suction stroke, and this is 
next compressed into the combustion chamber 
and hot-bulb B Nearly at the instant 
of maximum compression the charge of 
foreeT 1 A m3ectecl » to hot-bulb by a 
of the “ cnlT P + a f d a ! : , omisei ' aa 111 the case 
The arfcmg “S 1 * 6 described m 
hi +1 ,r^ XtuTe ls aat °matically ignited 
hy the hot-bulb as in the Homsby-Akrovd 
engine, § (14), and after performing the 

tMou/lf : r ° ke h the tUmt gases are Charged 
tfo-ough the exhaust valve E The compfes- 

“ S P „T e “P ln y«l is only about 275 lbs 
hieh as 95 Z d meaD effectlve pressures as 
fuS load The P “ Sq “ arp attaui «<t at 
cvh nJ A 5 h englnea ale bmit m single- 
cyhndered type up to 80 B H P running at 
190 revolutions per minute, and m two- j 


cylmdcied designs up to 130 f> jl I* at 200 
z evolutions poi minute As iuel, undo 
petioleum, the ordinary tued oils, and <vtn 
icsidual oi “ icfuso ” oils aie used A (uni 
of a 50 BI1P engine in MHO showed a 
consumption of ciude Russian oil ol only 
0 45 lb per BH P liom, corresponding (o 
an absolute brake thermal eJlu ii m y of 
31 i 

^Starting is elleeled by com* 
pressed an , the time oc i upied 
in starting (iom cold, owing 
to the neoessaiy healuw ol 
the hot-bull) by a blow lamp, 
is 10 to 15 minutes AKei a 
shoit pei lod ol uiiimug the 
blow - lamp is removed, mid 
tlio hot-bulb (cm point me is 
then maintain* d by heat de 
lived horn the mu connive ev- 
plosionH , llio ignition h (lieu 
automatic, as in (he Ihunsby. 
Akzoyd engme To prevent 
pio-igmtion “ kno< k 11 1mm 
ooeumng, a water dnp im 
used at tlueo- quarters Tull 
load and above, the uuhr- 

spraying valve is indicated 

m Fir/ 12 After prolong d 
running at light loads (he 
bulb may become too tool, 
and zeeouiso must then be 
made to the healing lamp in 
ordoi to mamliun ds tem- 
per aime In (Ins tdass of 
engine the combustion of (ho find is, m 
general, partly at constant volume and patth 
at constant pressute 

I) (K 

a a n 


Entropy If m a loveisiblo change a sub- 
atance receives or loses a qiiantily of heal, 
'j at an absolute temperature 0, (lie suli- 
staueo is said to gum oi lose mi amount of 
entiopy given by Q/0 Hen also " Thor mo- 
dynamies ” Eoi Entropy of Fluids WH . 
M33), Entiopy of Ideal <J !V h, t (f>7) , 
Entropy of Mixtuies, § (((2), KnUopi . 

Therm n/ UIe ““S*"?' § ( 2(l ) > “ Engines. 

§§(TaoT“ ntomal 

Entropy -TEMPERAT tnus IAaoram A di- 
gram in which the condition of a body 
w represented by tho position ol a point 

rateTr^° rdl ? a< ' OS M ' B (oidi- 

nate) and entropy icokonod fiom some 

and 6 S Refrigeration,” § (2), r > 
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Eq uation of State, Definition and Use oj- 
See “ Thoimodynamics,” (56), (57) , 
“ Thennal Expansion,” §§ (21), Table, 
(22), (27) 

Equip aktition of Energy, Law of See 
“ Thermodynamics,” § (66) 

Ergometer An instillment for measuimg 
and recoidmg accelerations and retaidations 
See “ Dynamometeis,” § (5) (vi ) 

Ericsson’s Regenerative Engine Sec 
t{ Thcimodynamics,” § (27) 

Escargot Fan Brake A biake convenient 
for testmg air - sciews See “ Dynamo- 
meters,” § (2) (vm ) 

Evacuation See “ Air-pumps ” 

By Absoiption § (52) 

By Absotption m the Electric Dischaige 
% (53) 

By Chemical Action ^ (51) 

By Condensation § (50) 

Miscellaneous Methods ^ (40) 
Evaouators, Theory of Seo “ Air-pumps,” 
§ ( 1 ) 

Evaporation under Constant Pressure 
See “ Thcimodynamics,” § (29) 

Expansion, Area and Volume, Coefficients 
of, deduced fiom the linear coefficient Seo 
“ Tlieimal Expansion,” § (5) 

Expansion, Linear, Coefficient of 
At very low temperatures, detemimed by 
experiment for vaiious substances and 
tabulated 

See “ Tlieimal Expansion,” § (7) 

Foi vaiious substances, detei mined by ex- 
ponmont and tabulated Seo “ Tlieimal 
E\])ansion,” ^ (7) 

Expansion, Linear, Mean Coefficient of 
Between 0° and 1° C , defined by the equation 
+XQ, 


where the distanco between two points 
ill the body at 0° 0 is J () and at i° (' is l t9 
and X is the mean coefficient of Imeai 
expansion See “ Tlieimal Expansion,” 
§< 1 ) 

Fizoau’s Inteifeieneo Method of measunng, 
dejiendmg upon the colouis ol thm plates 
See ibid £ (3) 

Expansion of Fluids theoretical considera- 
tions accounting for the depaituro of thou 
behaviour from the laws of pet feet gases 
Seo “ Tlieimal Expansion,” § (19) 
Expansive Working in Steam Engines 
See “ Stoam Engine, Rccipi oi atmg,” ^ (2) 
(ix) 

Extfnsometers Seo “ Elastic Constants, 
Detei munition of ” 

Dial Instalments with Mechanical Magni- 
fication ^ (19) 

Double Micromotor Seicw Instillments 
§ (L5) 

Ewmg’s Combined Micioseopo and Level 
Extonsomotoi (51) 

Indicating Dial Instruments § (48) 
Instruments combining a Smglo Micrometer 
Sciew "with a Multiplying Lovot ^ (47) 
Maitens’s Mnioi Extenaometei § (53) (n ) 
Methods oi aiiangmg and General Punoiplos 
to bo fulfilled § (43) 

Methods of Cahbiation § (58) 

Miciometoi Screw Extensomoters § (44) 
Microscopic Reading Instalments § (50) 

Moriow’s Single Muioi Appai atus § (53) 
(iv) 

Multiplying Level Instalments § (52) 
Using Optical Magmhcation ^ (53) 
External Pressure CoRREcmoN to a 
Thermometer See “ Thormometiy,” § (3) 

(XU) 


— I 

Factor of Safety Sog “ Struetuies, 
Strength of,” 4? (1) 

F 'UiRENiiEi t Scale of Temperature a sc aio 
on which the numbeis 32 and 212 correspond 
respectively to the freezing- and boiling- 
points of watei See “ Thoi mometiy,” § (2) 
Falling Weight Test — called “drop test” 
m USA Sec “ Elastic Constants, Deter- 
mination of,” § (35) 

Fan Brakes See “ Dynamometers,” § (2) 
(vn ) 

Fixed Points 

Therm ometne See “ Thermodynamics,” 

§ (4) , “Temperature, Realisation of Ab- 
solute Seale of,” § (3) , “ Thermomotiy,” 

§( 3 ) 

Used as secondary standards of temperaturo 
and compared with a gas-thermometer 


m the lango - 273° to 0° (1 See “ Tcm- 
poratiuo, Realisation of Absolute Scale 
of,” §(31) 

Fixed Points, Interpolated 
On secondaiy standards of temperature 
between 100° and 500° 0 See “Tem- 
perature, Realisation of Absoluto Scale 
of,” § (36) (iv ) 

Usod as a secondary standard of tompoiaturo 
and compaied with a gas-thormomofoi m 
the range above 500° 0 Seo ibid § (42) 
(m ) 

In range 100° to 500°, compared with gas- 
thoimometoi determinations and tabu- 
lated Seo ibul § (30), Table 10 
In lango 500° to 1600°, compared with gas- 
thoimomotor determinations and tabu- 
lated Soo ibid § (42), Table 13 
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Fixed Temper \tures 

Used as a secondary standaid of tem- 
per atui e and compared with gas thermo- 
meters See “ Temperatuie, Realisation 
of Absolute Scale of,” § (24) 

Used as secondaiy standards and compared 
with a gas thermometer m the lange 100° 
to 500° 

1 Melting point of zinc 

2 Boiling - points of naphthalene, 

diphenyl, and benzophenone 

3 Boiling-pomt of sulphut 

See “ Temperature, Realisation of Absolute 
Scale of,” § (35) 

Combination of, with a thermal pioperty, 
used foi the realisation of gas-thoimo- 
metei scales in the form of secondaiy 
standards See ibid § (26) 

Flash-point Apparatus See “ Flash point 
Deteimmation ” 

The Abel § (2) 

The Abel-Pensky § (3) 

The Gray § (5) 

The Pcnsky-Martens § (5) 

FLASH-POINT DETERMINATION 

§ (I) Introduction — The “ fiash-pomt ” of a 
substance may he defined as that tempeiature 
at which it begins to evolve vapour m such 
quantity that, on the application of a flame, 
a momentary “ flash 55 occurs, due to the 
ignition of the vapour This temperatuie is 
not a definite physical property of the material, 
but vanes with a numbei of subsidiaiy factois, 
such as the rate of heating, the amount of 
ventilation, the size of the applied flame, and 
so forth, and is thus dependent on the appar- 
atus used and the conditions under which the 
deteimmation is made 

Notwithstanding the empirical natuie of 
this se constant ” for an inflammable substance, 
it solves to classify such materials into varying 
degices of danger with legal d to fire risk, and 
fiom this point of view the determination of 
flash-point has been the subject of legislation 
and of official regulations 

A shoit consideiation of the phenomena 
occurring when a sample of oil is slowly heated 
will sorve to distinguish ilash-pomt, burmng- 
pomt, and ignition-pom t If the oil is placed 
m a small metal basin or ciuciblo and slowly 
heated, vapovu is evolved at a rate depending 
upon the nature of the oil and its temperature 
If a small test flame he applied periodically 
just above tlie surface of the oil, no result will 
bo appaient so long as the tempeiature is well 
below the value known as the c< flash-point ” 
of the oil, but as this is approached the test 
flame will enlarge when m the neighbourhood 
of the suiface of the oil, and at a tempeiature 
a few degrees higher this enlargement becomes 
more apparent and a flame rapidly travels over 


the suiface of the oil and immediately dies 
away This tiansient ignition of the vapour 
is termed the “ flash,” and the lowest tempeia- 
tuie at which it is manifest is known as the 
“ flash point ” of the oil If the heating of 
the oil and the pcnodic application of the test 
flame be continued flashing will also continue, 
and it will be noticed that the duration of the 
flash becomes longei as the tempeiatmc is 
raised, until a point is reached when the vapoui 
bums continuously instead of inoioly flashing , 
the lowest tempoiatuio at which this oicuis 
is known as the “ buinmg-pomt ” of the oil 
In general the heat gonoiated by the com 
bustion will rapidly raise tho tempeiature and 
the combustion will become moio -violent, and 
will be maintained without the application of 
any external source of heating 

If now tho experiment is repeated without 
the application of a test flame, thcio will bo 
no appaient lesult until a temper atuio highei 
than the buinmg-pomt is reached, when tho 
oil will spontaneously take fno and will con- 
tinue to bum The lowest temper ituic at 
which this takes place is known as tho “ ignition- 
point ” 

The above phenomena are dependent on the 
accumulation of sufficient vapoui m tho atmo- 
sphere above the oil to form a combustible 
mixtuie, and this will bo largely influenced by 
any circulation which is taking place in tho 
sunoundmg air If the an is m motion, even 
to a small extent, some of tho vapoui will bo 
earned away, and it will ho necessary to laiso 
the oil to a higher temperature to socuio the 
same concentration of vapoui as would be 
obtained m perfectly still air In consequence 
it is not easy to obtain conooidant values for tho 
flash-point, bummg-pomt, and ignition point 
by the heating of tho oil m an open cup as 
above described, and other types of ajipaiatus 
have been designed to reduce the difficulty of 
making reasonably accurate determinations 
In most foims of tins apparatus tho oil ouj) 
is provided with a eovei having suitable 
apeiturcs for the introduction of tho test 
flame and foi ventilation pm poses For dis- 
tinction the two types of test aio usually 
refened to as tho iC open test ” and the 
“ closed test ” respectively 

The fiist appaiatus of tho “closed tost” 
type was introduced by Sir Frederick Abel m 
1876, and was subsequently known as tho 
Abel Flash-pom t Appaiatus A huge number 
of tests were made to* connect tho results 
obtained by the use of this appaiatus with 
those given by tho open test then m use It 
was found that the mean valuo of tho difleienco 
between these results was 27° F for an oil 
which flashed at 100° F on the open test 

Later, m 1880, a modification of this in- 
strument was made by Pensky, who applied 
a clockwork device to tho oil cup cover to 
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perform the opening and closing of the shuttei 
and inti eduction of the test flame This 
apparatus is lefexied to as the Abel Pansky 
Flash-pomt Apparatus Tho provision of this 
mechanism is probably advantageous fiom tho 
point of view of ease of operation, but, as will 
be seen latei , it does not tend to any increased 
accuracy of determination of the flash pomt 

The two apparatus above lef erred to wore 
designed with special reference to the measure- 
ment of flash-points over the approximate 
range 60°-110° F m connection with tho 
legislation relating to tho sale, storage, and 
transport of illuminating oils , later, however, 
a demand aioso for the determination of tho 
flash-pomt of oils foi lubricating and other 
purposes, leading to the evolution of such types 
of apparatus as the Ghay and Pensky-Martcns 
flash-pomt apparatus, which may be employed 
up to much higher tempei atui es The 
essential difference botvoon these and the 
earlier forms of apparatus intended for tho 
lower range only is the pi o vision of stnrors m 
the oil cups 

§ (2) Abel Flash-point Apparatus — The 
official specification for the Abel flash-pomt 
apparatus will be found m tho schedule to tho 
Petroleum Act of 1879 (42 & 43 Viet c 47) , 
full details as to the construction and use of 
tho apparatus axe also to he found m the 
soveial text-books relating to oil and oil 
testing 1 The principal dimensions aio shown 
m JFig 1 

An investigation was earned out at tho 
National Physical Laboratory to ascertain the 



differences existing between tho Abel and other 
types of flash-point appai atns 2 

An important consider alum that arises in 
tho determination of tho flash-point is tho 
limit of accuracy attainable Tho legal 
specification directs that the test flame should 
be applied to tho oil every 1° F , and c onso- 
quentiy tho accuracy of any single determina- 
tion is limited to 1° F Departure from tho 
specified conditions gives a different value for 
the lcsultmg flash-pomt, as will bo seen later 

1 Petroleum and its Products , Rii Rover ton Redwood, 
1006, ii 550, Handbook of Petroleum, J II Thomson 
and Sir B Redwood, 1906, vi 82 

2 Collected Researches, N PL, 1912, viu 19 


Difficulty, ho wovei, auses in the inter | notation 
of a sot of lesults ioi any one sample of oil, 
since oven when the gieatest care is taken 
individual leadings may diilci by 1° oi 2° I' 
Furthermore, changes m the baiomotuc pi ass- 
ure produce vai rations m tho lcsultmg flash- 
pomt, and Sir Fi edenek Abel investigated this 
mattoi and found that tho flash point was 
laisecl by 1 0° V foi an meiease of 1 mch m 
tho baiomotuc leading Hence it is usual to 
coucct all flash points to a standard baio- 
motnc reading of 30 in Collections foi enois 
of tho tlieimomctei, if any, must also ho taken 
mto account, tho most satisfactoiy way, 
thcrefoie, of dealing with a set oi observations 
is to obtain the mean result and apply the 
necessary eonections for pressure and foi the 
thormometoi Tho true flash-pomt is then 
taken as tho next higher whole number of 
degiees, smeo tho flash-pomt of a substance 
as defined m the official regulations cannot 
he othei than a whole numbei of clegioos 

Bofoie inter compai isons between tho soveial 
types of flash-pomt apparatus could bo eai i led 
out it was found necessaiy to investigate tho 
conditions of use of tho Abel apparatus moio 
fully than appealed to have boon done previ- 
ously Among the points to which attention 
was given wcie 

(a) Frequency of application of the test 
flame 

(b) Variations m the time of opening oi tho 
slide 

(c) Variations m the temperature of tho 
water hath 

(d) Variations m the depth ol tho thonno- 
metor bulb below the surface oi the oil 

(e) Sue of tho test flame 

The results of these experiments led to tho 
following conclusions 

(a) Increasing tho frequency of application 
of tho test flame laises tho flash pomt , fot 
example, if tho test (lamo is applied every 
l dogi ee the losultmg flash-points aio a degree 
lnghoi, while if applied eveiy J degree tho 
flash point is raised by over 3 degiees, con- 
versely, a lower flash-pomt is obtained rl the 
tost flame is applied ai inter vals gi cater 
than 1° F 

(b) Conti aiy to the gonoial opinion, tho 
effoct of met easing oi decreasing the tune for 
which the slide is open does not affoot the 
results except ioi extreme changes Thus tho 
provision of an automatic mechanism to scour o 
constancy m this condition is not essential 
It is interesting to note m tins connection that 
a number of tho Abol-Pensky automatic oovois 
wore investigated and it was lound that their 
times of opening differod to a considerable 
oxtont This might well bo expected, as it is 
improbable that tho strength of tho spring 
would remain constant under tho conditions 
of use 
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(c) A change m the temperatuie of the 
water bath produces a corresponding change 
in the flash-pomt, the general effect being that 
the flash-point is lovexed by 1° F for each 
13° F rise m the temperatuie of the water 
bath above the normal temperature 130° F 

(d) and (e) The depth of immersion of the 
thermometer bulb below the surface of the 
oil and the size of the test flame were seen 
to play Ter y important parts m flash-pomt 
determinations, and the question will be 
considered later 

§ (3) The Abel-Pensky Apparatus — The 
apparatus adopted in 1880 by the German 
Government as the official standard design of 
instrument foi flash pomt determinations was 
based upon the Abel apparatus, but modifica- 
tions veie introduced by Lensky, who sub- 
stituted an automatic device for opening and 
closing the ventilation holes and applying the 
test flame m place of the simple slide m the 
English Abel apparatus In addition, the 
dimensions w ere slightly altered and were 
expressed m metric units mstead of inches, as 
in the Petroleum Act of 1879 Fig 2 indicates 



the important dimensions of the Abel-Pensky 
apparatus in accordance with the German 
schedule Very complete details aie published 
in the official specification 1 and will not he 
further dealt with here 

The Abel-Pensky apparatus was also 
adopted by the British Colomes and India 
under the Indian Petroleum Act of 1889, 
the German type of apparatus being used 
although the dimensions of the Abel apparatus 
were retamed Two modifications have been 
made to the Colonial type of apparatus for 
special purposes , these provide for a small 
additional thermometer and a stirrer m the 
oil eup for use when obtaining the flash-pomt 
of inflammable substances such as rubber 
solution, metal polishes, etc, which may 
fall withm the scope of petroleum legisla- 
tion In both these types of apparatus the 
effects of variations m the methods of pro- 

1 Die Yarsc Jinften betreffend den Abel’ when Petro 
Immjprober und seme Anwendung , published 1883 by 
Carl Hermann, Berlin 


cedure are the same as are descubed for tho 
Abel apparatus 

§ (4) The General Theory or Flash- 
point Determination — The genet al theory 
of flash-pomt determination depends on the 
hypothesis that flashing takes place when tho 
space above the oil contains a definite per- 
centage of oil vapoui mixed with an This 
condition will be leached foi a definite tem- 
perature of the oil surface from which evapora- 
tion is taking place, and it is generally assumed 
that it is this temperature which is given by 
the thermometei and is the tempo! atm c taken 
as the flash-pomt The late of evapmation, 
howevei, depends upon the tempeiatuic of 
the surface of the oil, and investigation showed 
that this temperature diffeiod appionably 
from the thermometer leading thioughout tho 
course of a deteimmation Furthcrmoie, the 
tempeiatuie at different points throughout 
the oil vaned by seveial degrees at any 
one moment The tempeiatuie distribution 
depended in part on the foim and dimensions 
of tho apparatus and on tho relative amounts 
of heat reaching the oil from diffoicnt sources 
The method of investigation employed was 
to ascertain these temperature diffoicnccs by 
means of differential thermocouples of vciy fine 
wire mtroduced in such a way as to avoid 
intei ference with the usual conditions of test 
The mam source of heat through which the 
rise of tempeiature of the oil is derived is of 
couise the water bath surrounding the oil cups 
through the mtermochaiy of tho air space , but 
it was found that the temperatuie at tho sui- 
face of the oil and that of the vapour woie 
materially influenced by tho honimg denved 
from the test flame itself Tho importance of 
the size of the test flame is theiofoio obvious, 
and as the result of a special senes of expel i- 
ments it was found that an moicasc of 2 n R 
m the flash point was obtained when the m/e 
of the oil- burning test flame m an Abel 
apparatus was decreased to about half tho 
normal chametei Similai results were found 
for the gas test flames also m genoral use Tho 
explanation of this diffeicnco is that with the 
smaller lest flame tho oil surface does not 
receive so much heat mduectly, and conse- 
quently the temperatuie of tho bulk oE tho 
oil has to be raised to pioduco the same mu - 
face temperature, thus thp flash-pomt ih 
apparently higher For exact wort it may 
he remarked that the ivory bead on tho coveir 
of the apparatus is inadequate as a gauge for 
the adjustment of the size of tho tost flame. 
It is therefore preferable to employ a gas jet 
to which the supply of gas is controlled by a 
gas meter In the experimental work to winch 
reference is being made the gas rate adopted 
was 0 10 cub ft per hour 
Investigation of the three types of apparatus* 
namely, the Abel, and the Colonial and tin* 
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0 f Abel Penalty appaiatus, 
j ^he tempera tuio distribution m 
9 that foi any definite reading 

ttXo ineter the tempeiatuie of the 
•fxo Ql j ^ vag (Pftoiont m each of the 
It was fuither found that 
lykutG of the suiface of the oil at 
Ji ^lien flashing took place was the 
°f the thieo appaiatus although 
** r <2rfcer leadings differed , the dif 
HcXsh point recouled m the thiee 
l 3 ix Bratus is theiefoie completely 
" the consideiation of the tem- 
^tril^ntion m the oil cups 
E?xvxl iesults of the investigation 
^ "bile Colonial type of Abel Pensky 
' <lVo a flash-point 1° F lughei than 
* Torm of Abel appaiatus, while 
1 Lypo of Abel Pensky gave iesults 
4° F higher , fuither, these 
sensil)ly constant over the 
OQ° Incidentally there is a 
cliltoicnco amounting to about 
the mean values for a large 
>sorvations) between apparatus of 
P° but fitted with oil and gas test 
Gotiveiy As might be expected 
ovu.ous lemaiks, the gas test flame 
v or Hash point, the flame supplying 
Lo the surface of the oil, when 
blxe specified size 
^Ixt; is tin own upon the mechanism 
detox mmation by the results of 
hosts earned out at the National 
il>ozatoiy at a latei date 1 The 
sbion were earned out on a numbei 
s, using the Gray and Pensky - 
pi'vx'cvtus, and also a modified foun 
ib on a much huger scale, which 
n lx out 50 gallons of oil instead of 
uvixtity The latter appaiatus was 
tlx n view to ascoi taming whether 
rLbity of oil would flash at a tem- 
>P£*f$eiably lower than the value 
tlxo usual types of appaiatus The 
yore varied ovoi a wide range m 
cl^r the effect of different methods 
tiixd. the impoitance of vontilation 
>txx* space above the oil Dealing 
toi' point, it was cleaily seen that 
o£ the vapour occurred prior to 
xslx being obtained , this is shown 
rgenaent of the applied test flamo 
uros below the flash-point If the 
tlxo oil is not adequately ventilated 
ill surged with the products of com- 
iolx. may load to the extinction of 
imo or give an apparently high 
tlxo other hand, foiced ventilation 
,c© by the passage of a current of 
bl y x^aised the flash-point, as m this 

8 X^xiol Oils,” Collected Researches , N P L , 

5. 


case the oil vapoui is swept away beioie 
ignition can occui Consequently the oil has 
to bo raised to a lughei temper lime in oidei 
to evolve vapour fast enough to maintain an 
inflammable mixtmc 

A vanation of tins question was also 
investigated In this instance the oil was 
maintained at a constant tempeiatuie and 
the vapoui was allowed to collect foi pounds 
of vaiymg length, the test flame being applied 
aftei definite mteivals had elapsed Between 
such applications of the test ilamc the space 
above the oil was completely cleai eel of 
accumulated vapoui by blowing a cm lent of 
air thiough the space The lesult of such 
tests was to show that the higliei the tem- 
peiatuie of the oil the shoitei the interval 
that w r as necessary foi tho vapoui to accumu- 
late befoie the flash could be pioduood At 
the lowest temperature at winch it was possible 
to obtain any ignition of tho oil vapoui a 
comparatively long pcnod (liom 5 to 10 nun ) 
was icqiinod before sufficient v ipoui had 
accumulated, and in these instances the flash, 
when it did occui, was gcneially of a violent 
natuie With legaid to tho clfect of diileiont 
methods of ignition, it was found that tho 
most satisfactory iesults weie obtained with 
a moderate sized gas flamo Electric spaiks 
or hot wires generally necessitated a higher 
tempeiatuie of tho oil befoie flashing took 
place, and with the high temper aim oh a violent, 
in some cases almost explosive, flash w<is 
obtained Throughout these tests tho oil was 
stined continuously at such a late that tho 
temperature throughout the bulk of the oil 
was fanly uniform, but not so vigorously as 
to bieak tho smfaco oi to pioduco splashing 
Under these conditions it was found that tho 
temperature m the vapoui space immediately 
above the oil sui face was sensibly tho same as 
that indicated by tho thcimomotei immersed 
m the oil , m othoi wouls, tho question of 
tcmpoiature distubution met with in tho Abel 
and allied apparatus docs not arise lioio, 

The ultimate deduction from these tests was 
that the Gray and Pensky-Mai lens apparatus 
indicate within a few clegiooH tho lowest 
temperature at which it is possible fox a flash 
to be obtained over this very wide lango of 
conditions, and fuithermoio tho Abel and 
Abel Pensky types of apparatus could with 
advantage ho modified by tho introduction of 
a stirrer m tho oil vessel and possibly m the 
vapoui space abovo the ml A small change 
in tho indications of these apparatus would 
no doubt icsiilt, but the determination ol 
flash-point would become an operation mvolv 
mg considoiably loss care and would not 
depend to any marked extent upon tho exact 
form and dimensions of the appaiatus 
employed In any case tho flash-point ot a 
substance must be regarded as an empmoal 
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constant, but the modification suggested would 
render the determination less dependent on 
any particular design of apparatus 

§ (5) High Temperature Flash-point 
Determinations — The limiting tempeiature 
at which a flash-point determination can be 
made m the Abel types of apparatus is about 
110° F if the normal procedure be followed 
Foi higher temperatures than this a modifica- 
tion of the normal procedure may be made m 
that the water bath itself, instead of being sot 
initially to 130° F, is heated continuously 
throughout the test until a hmitmg tempeia- 
ture of about 180° F is attained In addition 
a small quantity of water is placed m the air 
jacket to facilitate the use of temperatuie of 
the oil m the oil cup This method is liable 
to give discordant results if the late of heat- 
ing be too rapid, agam owing to the unequal 
distribution of temperature m the oil cup 
Two modified appaiatus were introduced to 
overcome this difficulty and at the same time 
to extend the range of temperatures ovei 
which a test may be made These apparatus 
are referred to as the Pensky Martens 1 and 
the Gray 2 flash-point apparatus respectively 

In both these appaiatus the water bath is 
dispensed -with and the oil cup is supported in 
a cavity in an iron casting heated from below 
The Pensky-Martens apparatus has an oil cup 
similar to that of the Abel Pensky apparatus, 
while that of the Gray apparatus is of the 
same dimensions as the oil cup of the Abel 
apparatus The covers m each apparatus 
differ somewhat m detail, but both are provided 
with a rotatmg plate by means of which the 
ventilation holes are opened and the test flame 
depressed into the vapour space Each in- 
strument has a rotary strrrer provided with 
vanes which agitate both oil and vapour In 
carrying out an observation the stirrers are 
worked contmuously between the intervals at 
which the test flames are applied The 
provision of these stirrers ensures that the 
thermometers indicate the tme temperatuie of 
the vapour, and m practice it is found that both 
types of apparatus give sensibly the same 
flash-point In carrying out a determination 
care should be taken that the rate of heating 
of the oil is slow and regular The thermo- 
meters employed should be calibrated for the 
degree of immersion obtaining m the apparatus, 
otherwise it is necessary to apply a correction 
to allow for the emergent column This 
correction is by no means negligible, as under 
the conditions of immersion m a flash-point 
apparatus the correction will amount to as 
much as 15° 0 at 300° 0 3 

In carrying out the determination of flash- 

1 A Martens, ‘ fiber die Flammpuiiktbestimnuingpn 
von Schimerolen," M\tth l techn Versuchsamt , 1803, 
xi 37-45 

2 Gray, Chem Ind Soc J , 1891. x 348 

’ See “ Thermometry," § (9) 


point of an oil the piesenco of moisture gat -t 
use to considerable unt or tauity, ami cun ,t 
small quantity may pi event the oil flashing 
until the watei has bun driven oil Tin 
tempeiatiue at winch this occuim may be welt 
above the noimal flash point of the oil and lh< 
resulting flash may bo very violent The di \ mu 
of oil pnoi to testing the (lash point* is a matter 
of consider able difficulty, as heating the oil to 
100° C may change it and thereby vitiate 
subsequent tests Various methods have been 
suggested, stub as chynig with anhydrous 
calcium chloiiclo oi by exposing the umisluie- 
contaimng oil to a high-tension discharge , 
neithei of these methods is onto cl v satis- 
factoiy m icmiovmg ovoiy tiate ol mmstuie, 
but undoubtedly helps m piepanug an oil Cm 
a flash point determination 
§ (6) Ignition Points —-Although not of 
importance m connection with the legal aspoc t 
of flash-point dotoi munition, the ignition points 
of oils aio frequently lequned. m connection 
with internal combustion engine problems A 
numbei of methods have boon devised from 
time to time to carry out this deloi minatmn 
without dangoi to the operator The simplest 
form consists in allowing chops ol oil to fall 
upon a boated non plate This method has 
been modified by II Mooie 4 In tins appaiatus 
tho iron plate is loplaoed by a grooved block 
of steel which may he heated horn below, m 
the uppoi pait ol tho bloc k a cavity is provided 
into winch a platinum or nickel ciutibln fits 
exactly The ci uoiblo is eovei eel by means of a 
poifoiatecl plates one hole of which peanuts tin 
introduction of the substance to bo tested 
while tho other serves as an inlet for an or 
oxygen Tho gas employed is heated betoie 
admission to the ciueible by being allowed to 
cnoulato through passages in the stool block 
In opexation tho apparatus is raised to a 
definite temperatuie and one diop of tho oil 
under examination is allowed to fall into the 
crucible If tho tom pom tme is above the 
ignition point of tho sample, combustion, mom 
or less violent, takes place, wlnlo below the 
ignition tempoi akuro no explosion or flame is 
obseivod Tests aio repeated until tho lowest 
point at which ignition takes place is deter 
mined w, f. u 


Flash-point Determination at Hum Tem- 
peratures Boo “ Flash- poiu t Dolormma 
toon,” § (5) 

Flexible Container Pttmph. See “ Air- 
pumps,” § (20) 

Float Gauges Bee “ Metro h, Liquid Level 
Indicators,” § (14), Vol, lit 
Flow in Pipes, Measurement of Bee 
“ Hydraulics, ’ § (24) 

4 Petroleum, Technoloyvit /ml J , 1020, vl LHli 
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Fluids 

Motion of, Application of Dynamical 
Similarity to See “ Dynamual Sum 
lauty, The Principles of,” § (10) 
Thermodynamic, Propeities of See 
“ Theimodynanncs, Entiopy of,” § (33) , 
“Specification of State of,” ( 35) , 
“ Isothermal Expansion of,” ^ (30) 

“ Adiabatic Expansion of,” 4} ( 38) 

Under High Piessuies, Expenmental Ro 
searches on See “ Theimal Expansion,” 
§ (18) 

Forging Prtss, Hydraulic See “Hydrau- 
lics,” § (57) (i ) 

Fottingdr Gear for Hydraulic Power 
Transmission Sec “ Hydraulics,” § (05) 

Foundations in Soft Earth Theory of the 
supporting power of earth foundations See 
“ Faction,” § (33) 


FO UPPER’S THEOREM 

Tins i elates to the expansion of an aibitiary 
function /(r) m teirns of circular functions 
of a particular type Consider, m the lust 
instance, the case where J(x) is itself pcnodic, 
% e its value rccuis exactly wlienevei the 
variable has a given constant inclement a, 
so that 


/('c + a)=/(a), 


( 1 ) 


for all values of x The simplest example 
of this relation is afforded by tho cncular 
functions eos (2sfl\c/ct) and sm (2s7ri/a), whore s 
is any mtcgci The thorn om is that wliatcvei 
the form of /(a.), subject to ceitam lestnetions, 
it can be appioximated to as closely as wc 
may desne by a senes of terms of tho above 
type, thus 

/ (a) = A 0 + A x cos 4- A z cos 4 


H Bj sm 


2tt r , 


&TTX , 

B» sm H~ 
" a 


( 2 ) 


Assuming for tho present tho truth of tho 
theorem, tho values of tho coefficients aro 
found as follows To find A 0 , which is 
evidently the moan value of tho function, we 
integrate both sides of (2) from a;="0 to x—a 
This gives a 

A»=if f[»yh (3) 

a Jo 

To find A s w T o multiply both sides of (2) by 
eos (2$7 n /a) and then integrate Tho coolheront 
of A r m the result is 

f a 2m a 2 sttx , 
cos — eos — clx 


>/.■{ 


2[r \-s)irx , 2(r-#)7r&I , 

eos — | cos rfr 

a a I 

Excopt m the case of r~s each cosine geos 
tlnough a complete oycle of its values at least 
once within the range of integration, and tho 


integral vanishes When ) tho result is 
l a Hence 

/ o /( a ) w 

By a similar process 

o f a 0.7 ri 

E s = J /(<*) -dr (5) 

a '0 a 

F 01 an account oi vauous practical methods 
of computing tho coolhcionts, and of tiro 
mechanical mtegiatois which have been 
devised to mipeisede tho numerical work, 
see “ Ilaimomc Analysers,” Vol IV 
Thoio is nothing special to tho two points 
a=a, which have boon taken as tho 
limits nL tho above integrations Any two 
points at an interval of a period will give tlio 
same icBuli In particulai, wilting l for the 
half period, wo have 


/(•)= A, 

1 A x cos 

TTX , . 
y + A« COS 

2ir% 

1 T + 



7T -|-<k * 

1 B a am , 1 B 2 hhi 

27TT 

T 

, (0) 

wlioio 




Ao=i I 1 

f{x)dx 3 

a 

/(a) cos 

wr, , 1,1 

—d\, (7) 


-l 



and 

b.=; 

j ’ /(■*)»«! 

Sttx 7 
—j~~dx 

(8) 


This leads to two pailrculai eases of special 
impottanco If f(x) bo an oven Iimetion of x 9 
so that /(-»)-/(•.), (O' 

wo have 

/(*) = ]{/(<>•) !/(-*» 

—Aq-iAjCos j i-A a eos ^ I , (10) 

with 

A 0 a » (it) 

Again, if /(^) be an odd function, so that 

/(-•) - -!(>), ■ <«) 

wo have 

/(^)=H/(-») -/(-*)} 

H,m« 2 p I , (13) 

wlioio j /V( J ) . . (hi) 

In many applications, especially when tho 
vanablo % is a spaeo co oidmato, wo aro oon- 
corned only with a limited range of os t say from 
0 to l As instances wo have tho viluations 
of a string, and tho How of heat through a 
plate Outside tho above limits the function 
f(x) may not exist, so far as the physical 
problom is concerned, but wo aro at liberty 
to imagine it continued analytically both 
ways as a periodic function Wo aro further 
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at liberty to suppose it continued as an odd 
or as an even function of / \, as is illustrated 
by the annexed figures It is to be noticed, 
however that m the second case the process 
of continuation introduces discontinuities at 


£ = 0 ,x — l, unless fix) 

vanishes at these points 

; ^ 

1 

1 

- 21 -l\ 0 

l\ 2l] 

! 

FlC 

l I 

rv- 

"i 

i i 

i - 

-21 -i o 

l 21 


Fig 2 


Similarly, in the original form (2) of the 
theorem, if the function is continued with a 
period a, discontinuities will be introduced at 
x~0, x — a, unless /(0) =/( a) 



A complete statement of the conditions 
under which the theorem (2) holds is not 
attempted here For physical purposes it 
may be sufficient for the moment to say that 
the expansion is vahd provided f(x) be con- 
tinuous, and has (within the period) only a 
finite number of maxima and minima The 
mathematical proof, which is necessarily 
somewhat intricate, must be omitted, but 
physical arguments of a very convincing kind 
are easily adduced Suppose, for example, 
that x is measured along the circumfcience 
of a uniform thin metal ring whose total 
perimeter is a , and let f(x) denote the initial 
distribution of temperature If radiation 
from the surface be neglected, the theory of 
conduction of heat indicates that the subse 
qnent process is made up by superposition of 
the various “ normal modes ” of approach to a 
steady state, with arbitiary coefficients, thus 

A 0 + A x cos : ^e ~ + A 2 cos ~~ ^ + 

a a 

+B l sm^?e- A i* + B 2 sin— 6 -^+ ,(16) 

a "a ' 

w ^ ere ^t~4:7rKS 2 /a 2 Hg) 


This being granted, the initial distiibufion 
/(i) must coiiespond to t - 0 Hciuo /(,) 
must admit of expansion m the ionn (2) 
Arguments of a similar cliaiactci might be 
adduced from Acoustics, and othei blanches 
of Physics 

The restriction as to continuity, above' made, 
can to a ceitam extent bo dispensed with 
Provided the discontinuities aic of inn to 
amount, and oceui (within the i align of a 
period) only at a finite numboi of isolated 
points, the expansion (2) will still hold except 
at the points of disc out imuty At such a 
point the value of j(x) is of eouise ambiguous, 
but it may bo piovcd that the senes on the 
right-hand side of (2) converges to a dehmto 
value which is the arithmetic mean ui iho 
valuos of f(r) immediately to the left- and 
light of the discontinuity This applies m 
! paiticulai to the discontinuities which may 
he mtiodueocl when a function given ovei a 
finite lango is continued as a pei iodic fuiic turn, 
m the mannei already explained 
Suppose, for instance, that it is requited 
to express m the foim (13) the initial tempera- 
ture of a conducting Blab bounded by the planes 
x-0 f and, foi simplicity, that the initial 
temperature is evoiywlioic unity Putting 
f(x) — I wo have 

t> 2 [l sirx 7 2,„ , 

Ms - 1 I sm f(h “ fl7r (l~ (‘os sir) (17) 

This is equal to 4 /sir or 0, according as is 
odd ox even Thus 

4 ( 8TT% 3S7T i 
1= w\ mn -l 1 sm l 

H l Bin | ) (18) 

When m this case J(x) is continued as an odd 
function there is a sudden change item 1 to 
-I, oi vice versa , at x~ 0 and %-l Tho 
senes has then tho valuo zero, winch is tho 
autlimelic mean afoioaauh The figuto shows 
tho approximation given by the fust tin eo tei juh 
of the expansion It may be added, m leaving 



this topic, that m the applications to physical 
problems a mathematical discontinuity (<v/, of 
temporatuio) is only to bo legarcled as tho 
idealised expression of a very rapid tianaitum 
In practice there is, of course, a limit to 
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the number of the coefficients A a , B s winch it 
is convenient to calculate The rapidity with 
which the senes converges depends on the 
smoothness or regularity (m a general sense) 
of the function f(t) It is evident that the 
coefficients, as determined by (4) or (5), must 
ultimately diminish without limit as the 
oi dei 6 inei eases, owing to the more and moie 
rapid fluctuations m sign of the cnculai 
functions cos (2s7nc/a) and sm (2s7ra/a), and the 
consequent more complete cancelling of the 
positive and negative elements m the integrals 
Moie definite results weie given by Stokes 
If the function /(a), as continued , has only 
isolated discontinuities, the coefficients ulti- 
mately dimmish as 1 ja , this is illustrated by 
(18) Tf f(i) is everywhere continuous, whilst 
its derived function f\x) has isolated discon 
tmuities, the convergence ib as l/* 2 , and so on 
The present point has many exemplifications m 
Acoustics For instance, the moie gradual tlio 
initial impulse given to a string, the famlei 
aio the higher hai monies m the resulting note 
The approximate xepiesentation of an 
arbitiaiy function over a given range by 
means of functions of a specified type is a 
problem which naturally admits of solution 
m vanous ways It is of interest to note that 
Fourier’s method is the one which makes the 
sum of the squaies of the errors a minimum 
Taking foi brevity the sino senes (13), and 
limiting o ui selves, m the fiist instance, to a 
fimto numbci ot toims, the sum of the squaies 
of the eirors is 

ft f x irx 0 27 rx 

/ j/(a)-B 1 em-y - B 2 sm — ^ — 

n 7MT%\ 2 7 /1A v 

-B m sin-y~j dx (10) 

To make this a minimum ve must equate 
the difleienti d coefficients with respect to 
B 1? B 2 , to zeio The typical 
equation is 



miri] sirXj A /OA . 
-I%sm ^ j sm -^-ax—Q, (20) 

whonco B fl sm S *~dx, . (21) 

as m (14) Each additional term included 
m tho soucs necessauly lowers the minimum, 
and so improves the approximation, as tested 
by the method oi least squares n l 


Fourth - power Law, Investigation op, 
botwcon 1003° C and 1549° 0 See 
“ Pyiometry, Total Radiation,” § (4) 

Frame is tho name given to tho ngid stmc- 
tuie to which portions of a mechanism are 
attached and relative to which they movo 
See “ Kinematics of Machinery,” § (2) 


Framed Structures See “ Stiuctuics, 
Strength of,” § (22) 

Free Piston, Internal Combustion Encuni, 
Otto and Langcn See “ Engines, Thci mo 
dynamics of Internal Combustion,” (33) 
and (49) 

Freezing Mixtures, Theory of See 
“ Thermodynamics,” ^ (63) 

FRICTION 

Introduction — Faction may be broadly 
defined as tho resisting foico winch is called 
into existence at the common boundary of 
two substances in contact when undci the 
action of some external agency one of the 
substance^ slides, oi tends to slide, over tho 
surface of the other The ducction of tho 
foice of f notion is tangential to tho sip face 
of contact, and so long as there is no motion 
its magnitude is equal to the component m 
the direction of motion of the external foice 
tending to pi educe sliding 

The phenomenon of friction is common to 
all substances, solid, liquid, or gaseous, which 
may be m contact with each othei and subject 
to foices tending to cause i elative motion, 
but the laws correlating the magnitude of tho 
frictional for cos px educed, with the magnitude 
of the external foices acting and tho state 1 of 
motion produced by them, diflei widely with 
the natme of tho substances Foi example, 
the faction between the wheels of a loco- 
motive and the lails, in vittuo of which lail- 
road tiafho becomes possible, depends on tho 
weight on the wheels and not on tho speed of 
tho wheels, wheioas the factional icsistanoo 
of the water to the motion of a ship floating 
on it depends on the Bpoed oi the slup and is 
independent of the pressure of the watci 
Tho term iaction has also been extended, 
with certain lestuctions, the necessity for 
which will bo explained below, to include * 
the mutual icsistanoo which difluont parts of 
tho samo substance offer to sliding over each 
othei That this intor pi elation must, of 
necessity, be extended to fluids is obvious 
fiom tho consideration that m tho case oi tho 
skm friction of a ship i of cm red to above, the 
pai tides of the water m contact with tho 
surface of tho ship aio at lest i datively to it, 
and tin sliding to winch the resistance is duo 
takes place m the body of the wator itself 
Tho resistance to motion of the ship is, tboic- 
foro, due to the shearing resistance oi the 
watei in winch it moves, and fot this ion son 
this shearing stress is commonlv called the 
internal taction of tho water In the case of 
an dastic solid, however, tho conditions of 
relative motion of its particles duo to the 
action oi external forces are more complex 
For example, suppose a vertical elastic rod 
is supported rigidly at its upper end and 
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camcs at its lower extremity a mass whuh 
executes fiee torsional oscillations about tin 
axis of the rod During each hall oscillation a 
ceitam amount of the woik done by the lotat 
mg mass is stoied up as potential enetg^ m 
the ioc! and this is given out again to the 
mass on the return movement It is found, 
howevci, that the amplitude of tlio oscillations 
diminishes much more rapidly than would 
be due to the resistance of the air m which 
it swings, and it is concluded that f i n tional 
lesistances have existed m the mateual of the 
rod to hung tins about, i o the md has a 
certain amount of internal faction 01 viscosity 
In this particular illustration we have, thoio 
foie, a case m which part of the woik dono 
against the icsistance to clistoi turn, is stoied 
up as potential energy of the matcaal and part 
is converted into heat That the two pheno- 
mena are essentially different will be seen 
fiom the fact that m the elastic distortion 
the resistance is proportional to the ielaiivo 
displacement, wheieas m the case of internal 
friction, or viscosity, the resistance is propor- 
tional to the time rate of iclative displace- 
ment 

The necessity for tlio restriction of the use 
of the term faction to those cases m which 
the work done against the frictional resistance 
is converted into heat is, therefore, obvious 

From these considerations it will be seen 
that a more precise definition of faction than 
that given m the hist paragraph would bo 
as follows The resisting forces brought 
into existence at the surface separating two 
substances m contact, or two pai Ls of the same 
substance, by the action of any external 
agency tending to produce relative motion at 
the surface aie denominated frictional foieos 
ui all cases m which the work dono by them 
is converted into heat 

In previous works on the subject of faction 
it has been customary to classify all cases of 
factional resistance under one or tlio other 
of the following two divisions 

(a) Friction between solid bodies in con 
tact, the frictional resistance being subject 
to oei lam empirical laws 

(b) Faction between solids and fluids or 
between solids scpaiated by a film of fluid , 
the lesistance being determined from the 
motion and pnysical characteristics ot tlio 
fluid 

In recent years, however, it lias become 
more and more recognised that this broad 
division of the subject cannot be mado for the 
reason that it is almost impossible m prac 
iieo to obtain contact between solid surfaces 
without the intervention of a contaminating 
film of fluid which xendeis the phenomenon 
one in which the nature of the resistance is 
to a greater or less extent dependent on the 
characteristics of the contaminating film. 


The modem tenth nev e<, then hut, to itganl 
the iiictional resistant e ol huIkIs in i uniat t 
md moving itliliwly to null nlhtt us a 
limiting c iso ot (lit fin lion btlwttn tin 
solid Htulaees scpaiated by a hyei ot thud 
when tlte thu Uncus ol this layoi is diminished 
to siuh in o -stent/ tlmt its motion tan no 
longer bolnaiod by the luusol li\ tlmtlvnanut * , 
so that the unknown bound uy tonddmiH 
constitute the mum oluuut It mtu \ govtimim 
the lcsrstanci 

For this ieason it is pmposod in the picscut 
artido to (ommenet with Urn tn at intuit of 
the uiU indl button of fluids uud I ho mannt t 
in which it ih allot led by (ho oliautt tenslus of 
the motion, and thou to pi mood lo i drumssiou 
of the fmeo at ling at a solid hounding Biufato 
of a fluid tangential lo the duoeliou of the fluid 
flow, m the Inst instance when t lit 1 c onditums 
at the boundary ait' known, and finally when 
these conditions ait' hypothetical 

The detailed elassiht utum ol flit' subjot I 
malt ci of flu* piesent nilielo will Ihouloio bo 
as follows 

Division l Internal Fnetmn, oi Viscosity 

Division If Tlit' Nutuit' of Uu Motion ol 
Fluids civet Solid Siuiuees and the (‘Imiactei 
istics of the Fiulional Foites f ‘oust ‘({non t on 
the Motion 

Division 111 Tlio lk» formulation Thenioli 
rally mil by hXpcumcnt ot the Fuefimm! 
Resistance' offered by Holtd Nui laces to the 
Motion of Fluids ovei them, m all ('uses in 
winch the Resistance is delennmcd bv tin* 
Motion of the Fluid 

Division IV The Fin tional Rt^sfance-i 
between Solid Nut faces hc painted, <n Failmllv 
separated, by a Film ol Fluid of such a Depth 
that tlio Fluid does not tbnfoim to the 1 aw * 
oi Hydrodynamics, 

Division V The Frictional Resistance <4 
Clean Solid Surfaces 

Division VI The (lolafion between Fuel ion 
and Heat Tinnsnussion, 

l I M THUN A I * FtiTdTION, OH V l.SMOSm 

Ml) V astro us Fmuuh. In distinguishing be 
tween solids and fluuls it is eustomaiy to tit hue 
a fluid as a substatuo which is incapable of 
sustaining tangential m sbeaimg strt'ss Thm 
definition, howevei, is only true in the east' of 
actual fluids when they ate at test When 
relative motion exists between neighhomnm 
poi turns ol the same fluid, a mensurable ichimR 
aneo to the relative motion can be absolved 
and affords a jmiof Hint actual thm Is ait 
capable of sustammg shoaling stresses , the 
fluid is said lo exhibit tlio property of viseosiU 
oi xntei naJ fuel ion It would appeal pmb 
able, therefore, that some definite relation 
oxists between this shearing stress in fluids 
and tlio rate oi distortion of the fluids of 
winch it is tho c haractonstic feature, Jt was 
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iWsumu! by Newton tlicvb, for a fluid moving 
in pm, ilh l layeis, the shearing stress at any 
point at which the velocity gradient m a 
druM turn pei|>endicuhir to the layers was 
( h'/thf, would lie simply piopoitional to the 
value ot the giadiini, ?e that the relation 
IkIwc'cmi mil mal friction and the relative 
motion would be given by 


whoie jjl, (ailed the coefficient of viscosity, is 
a lundamenl.il < haractenstic of the fluid 
The definition given by Maxwell is as follows 
The coefficient of viscosity of a substance 
ih measured by the 1 tangential foice on unit 
aiea ol either of two horizontal planes at unit 
distance apait, one of which is fixed while the 
othei moves with the unit of velocity, the 
space between being Idled with the viscous 
substance 

The m lei pi elation of the coefficient of 
vmeoMty of a fluid, accmdmg to the kinetic 
thorny of mallei, is as follows 

Lot AB (JH<j 1) rcpiesent the trace of a 
plane in the fluid, paiallel to 
the chicction of motion, and 
let there bo a definite gradient 
of velocity at right angles to 
AB as indicated by the lines 
parallel to AB representing 
the magnitude of the velocity 
of the layers lelative to the 
velocity of AB, ho that the molecules 1 m 
mediately above AB are moving faster than 
those below it Some of those molecules 
will aims AB iiom the upper to the lowei side 
and an equal number will pass upwaids to 
replace them Thus the layer immediately 
above AB is continually losing momentum 
and that below is continually gaming it The I 
effect is to bung into existence a definite I 
Hheaimg stress on the plane AB which con- 
stitutes the viscous diag The internal faction 
of fluids consists theicfoie of a transfei of 
motion fimu one layoi to the otliei, but this 
Uansfct does not proceed without loss of 
onoi gy, since the tianslatoiy motion of the 
layers is kransfoimed into heat This is 
evident iiom the consideration that heat 
motion cliff cia fiom translatory motion only 
in the fact that m the former case paiticles 
aio moving m all possible directions and m 
the latter, in one and the same direction and 
that a change from uni diioctioiml motion 
to multi -clneotional motion cannot fail to 
take place m a medium which consists of 
particles which exert actions on each other 
by tho forces of cohesion or collisions 

§ (2) Viscosity of Gases —In the ease of 
gases in which the molecules are supposed to 
he outside the sphere of each other’s attraction 
during tho greater part of the time considered 


it is possible by means of the dynamical theory 
to obtain the value of the coefficient of vis- 
cosity m terms of the characteristic* of the 
gas 1 

We picture the gas as composed of a very large 
number of molecules, moving with varying velocities 
in all directions and influencing each other by their 
collisions Let us consider a group consisting of 
N molecules contained m a unit of \ olume in the 
form of a cube , then we may suppose, with Joule, 
that the average velocity at right angles to each 
face of the cubes is the same, so that if V be the 
mean resultant velocity and u, v, w the components 
we have V 2 =u 2 +v 2 +2y 2 =3w 2 , for v, v t w are 
equal 

Thus we may regard the gas as consisting of three 
groups each containing N molecules and moving 
with equal \elocities V/ N /I m the three directions 
at right angles, or as three groups, each containing 
N/3 molecules, moving with Telocity V in each of 
the three directions in question In either case the 
energy of agitation will be the same 
Adopting this latter view it is clear that considering 
the whole number of molecules N in unit \ olume 
of the gas, since one third of this number will be in 
motion perpendicular to any two opposite faces of 
the unit cube containing them, and of these half are 
moving towards either face and half away from it, 
therefore the number which will be moving from 
the upper to the lower side of any one face wall 
be one sixth of the total Further, considering all 
the molecules which pass through this face from the 
upper to the lower side in amt tune, it is evident that 
these will be limited to the molecules whose distance 
from the face at the beginning of the time interval 
was less than the length of the path which the\ would 
travel m unit time Heme all the molecules which 
cross the face from the upper to the lower side in 
unit time come from the pnsm whose base is the face 
and whose height is measured by the velocity V of 
the molecules, % e they all come from a pnsm of 
volume V The number of molecules, therefore, 
which cross unit area in unit time in this direction 
is J^NV It must be remembered also that each 
of these molecules has only been moving m a direc- 
tion perpendicular to tile face of the unit cube, 
since its last collision, and that therefore it will 
only form one of the group during the time which 
elapses from one collision to another, % e over the 
distance known as the molecular free path L, the 
aveiage distance travelled by a molecule between two 
collisions 

Now assuming the existence of a velocity gradient 
perpendicular to the face of the cube whose value is 
unity, % & that the velocity of flow at a distance y 
above the unit face is numerically equal to “ y ” 
so that according to our definition the friction over 
the face measures the coefficient of viscosity, we can 
calculate the friction between the two layers of gas 
separated by the unit face as follows The number 
of particles which pass the face from one side to 
the other per unit of time is £NV These have begun 
their path towards the face at different depths, 
but on the average they come from a distance from 
the face which is equal to the mean free path L, and 
have described this distance m the rant of time 

1 Jeans, Kinetic Theory of Gases 
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Their mean forward velocity is there foie givui by 
V=L Therefore each molecule carries with it ovei 
the face the momentum mL, w here m is its mass, and 
the total momentum carried over in unit time is 
INVmL 

Simultaneously there pass m the opposite direction 
across the face £ 1STV molecules, each of which comes 
from an average distance fiom the face of -L and 
whose mean forward velocity is given by V=-~L 
The total momentum carried over in this direction 
is therefore -^NVwL 

Therefore the layer above the unit face loses m 
unit time the momentum 

^NYmL-(-llsrVwL) 

= }NVmL, 

and tins, by hypothesis, is the amount of the friction 
exerted on the face, and is the expression for the 
coefficient of \ iscosity Since Nm is the density (/>) 
of the gas we may write 

H~\pVL 

If, instead of making the assumption that all the 
molecules have equal speeds, we assume Maxwoll’s 
law for their distribution, it can bo shown that a 
more accurate value of the coefficient of visoosity is 
given by 

30967pVL, 

where V is the mean value of the speed derived flora 
Maxwell’s law (See Meyei’s Kmeiio Theory of 
Gases, Appendix iv p 451 ) 

Substitutmg m these equations the valuo obtained 
by Clausius for the mean free path 


where s is the radius of the sphere of action of the 
molecules and \ is the volume occupied by a single 
molecule, we have 

_ N\%V 


assumptions of the thcoiy aio not appioxirniitf h 
comet 

A fuithn clultulion fiom (Ik kinetic ( lu < u v r 14 
origmiLliy dimlopul by Maxwell and Clausius \\ i» 
that tlie viscosity was ptopoilioni) to (lie wqu no 
loot of the absolute temporal mo ol t ii<i gis tOxpeH- 
mental investigation, liowevu failed to rNtahlish 
tins relation and it was found that the actual law 
of \auation of /.t xvitli T was gtv< u by / too r V n 
wheio ?i zatiged from its lowest value ol about 7 for 
hydiogen to about l 0 foi the hss jxihet gases On 
the assumption that n was equal to unity tor all 
gases Maxwell deduced that the moleoulei must n pel 
each othoi with a Imee nnoisely piopoilmual to the 
fifth p<mcu of the distant o between Ihem This 
hypothesis, however, had to be almndonul when it* 
became ooitain that n was a \ unable quantity By 
a le examination of the fimdaimut d asuunptums 
on which the lunette theoiy was burnt! »Sulhei land 
was it'd to the eoiulusiou that, alt hongli (In ait mo- 
tion between two molecules ol a gas in negligible 
at then average distance apait, y< t, when two 
molecules aie passing quite close to eiteli other the 
foico of attmotion can hung about a collision which 
in its absence would not haw lalu n pint e 

On this hypothesis Nuthoiland 1 lias dediued ft <iru 
the equation of the mbit of a moltcule that the 
olTect of the moleoulai attraction m piodtamg 
oolhsiona is to diminish the mean free path L in the 
ratio (1 | c/ T), wheio c is a constant for the gun. 
It f olIoAVfl therefoie, fiom the expansion fi UUB, 
that since 0 vanes as iJ'V mid Lawks mveisoly 
as (1 I cj T), the value of jn will vauy as 

n/t 

1 I cfV 

In an expei nnontal investigation into tin visiosdy 
of an (see ^ (5)), it was found by (htmllev and Odwrai 
that this relation hold with considerable aocumoy 
between temperatures of 0 and 100 the maximum 
deviation of the experimental jVsuIIh fiom (In* above 
law being 1 3 per cent 


and since N\ 3 =l, a— 

4ir6- 

In this expression for /i theio is no faotor 
which depends on the pressure of the gas, a 
deduction from the theory which led Maxwell 
to predict that the viscosity of a gas would 
he independent of its density, and thus that 
the oscillations of a pendulum m a gas would 
he equally damped by gaseous faction, how- 
ever low the pressure might he 

This conclusion was so much opposed to tho general 
opinion of physicists at the time that the oxpen 
mental verification of Maxwell’s prediction, wlnoh 
took place soon afterwaids, was perhaps tho most 
important factor m the acceptance by physicists 
of tlie kinetic theory It has been found, howovor, 
that when the pressure of a gas is leduced to extremely 
small values, the viscosity no longer remains constant 
This lower limit has been found by Kundt and 
Warburg to be m the neighbourhood of one sixtu til 
of an atmosphere As would be oxpected, there is 
also an upper pressure limit at which tho law no 
longer holds since at high pressures tho general 


§ ( 3 ) Tim Ifi\I»MRIMl!N'r\b DuTnKMt NATION 
Olf Tins VAbUlON ok (Joickmoi MNTH tn< VlHOOMlTV 
FOH Kurins (i ) fiJt/mtitm'i of Motion Ah 
the majonty of the methods used lo iuouhuu* 
viscosity depend on a relation bet, ween tho 
motion of tho fluid and tho vuimtions of its 
juessuro fiom point to jaunt, a bnof at count 
of tho donyation oi tho equations ol motion 
of a viscous fluid is horo given 

Assuming tho tiuth ol tho Nova toman hypo- 
thesis, tho equations of motion ol tho thud 
oan be obtained as follows' II wo tmagino 
thioo pianos to bo drawn through any point 
P in tho llmd perpendicular to tho avow of 
t, ?y, and z respectively, tho thioo components 
()i tho stress per unit area exerted across the 
first of those pianos may bo denoted by p A4% 
Pw> Vm respectively, those of the sUchm 
across the plane perpondu ular (o ?/ by >p pv ,> 
Puy > Puz ^ anf i those of the stress aoioss tho plane* 
porpcnclmxtot to * by p,„ p, v , v „. 

It lollows at ougo that, oonsidouug an 

1 “ Viscosity of (hisos,” Ph%l Mug , Dec 1803* 
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olomout having its centre at P, and 

taking moments, 

Vva ■=■ Vsv* ika* ^pxxi Vxv —Pv x 
Also, if j)j, j)i, j) ] l>o the principal sti esses at P, 
it t an ho shown (a) that 1 


Ihr H Pw -1 Ps« ~2h + P2 +Ps > (!) 

1 e tlio aiithmetie mean of the noimal press 
tires on any thice mutually jicipendicular 
planes through the point P is the same and 
equal to p (say) , and (h) that the values of 
tho st losses m lot ms of p, the coefficient of 
viscosity fij and tho lates of distoition are 
given by the expressions 


o ( f 6 u , dv r (ht>\ 0 d 


Pw ~ 


■ 3a* 


r d% . dv , dw\ 


r d t ^ r ()y ^ Vz J 




„ o (du *dv dw\ 0 2 

(dw < 3tA 

ihz-ihv-ny^ 

( r du , 2w\ 

/'dv 0w\ 
p„v -p^-py^+^j) 


r i)W 

L Tz 


y- (2) 


Tho condition foi “laminar motion”— 
motion, that is, in which tho fluid moves m a 
system of paiallol planes, the velocity being 
m dnoetion ovoiywlicio the same, and m 
magnitude pioportional to the distance from 
some fixed piano of the system — is seen to be 


u-^ay, i>=0, w~0, 


{dp z Jdt)3zox5y If therefore X, Y, and Z are 
the components of the external foices per 
unit mass, we have 


Du 


. ( ^P XX . ^PV'O , r £PzX , 


'§-' Y+ % f+ ^ r+ % ! 

pDw y 'dpxz , OPvz OPzz 

~Dl + — a - — 




r dx cy r nz 


(3) 


where D/D£ denotes a differentiation following 
the motion of the fluid, % e 


D 2 


2 , 2 


Dt dt ox dy 2z 


Substituting the values of p xa , etc , given 
above, we have 

Du ^ 

' r d% 


UU -rr Up 7 Ou , o 

p Dt = 9 X -frc + i^ + W u > 


( 4 ) 


wheie 


and 


etc 

n 2u t r cv , 2w 

V =? — + ^ — r y— 

ox oy cz 


2* 

' dx 2 


'ey 2 


cz* 


When the fluid is incompressible, 
i educe to 

Du -*r 'tip . o 

Dll XT . 9 

i , m =f,Y -w J +fLV v 


DW y 

p Wt =pZ- 


op 


+py 2 w. 


these 


(5) 


fiom which it follows that tho axis of x being 
taken m the dnection of motion and the 
velocity being piopoitional to the distance 
fi om the plane zx 

P«u ~ 2hv ” 2>s8 - pt Pvz ~ A? Pz® ^ Pnv “ pet, 

u a” l)emg the late of distortion 

Tho stresses m clifloient fluids under smnlai 
conditions of motion will he pioportional to 
the coucHponclmg values ol p, but if wo wish 
to compare then effects m modifying the 
existing motion wo have to take account of 
the ratio of those stresses to the moitia of 
the fluid Kiom tins pomt of view the deter- 
mining quantity is the ratio pjp, winch is 
denoted by the special symbol v, called by 
Maxwell the “ kinematic ” coefficient of vis- 
cosity, The equations of motion aio obtained 
by considering the forces acting on a ioct- 
angulai clement having its centic at P Thus 
lesolvmg parallel to x, tho ditto tenco of tho 
normal pleasures is (dp te Jdx)5x5ySz4 Tho tan- 
gential tractions on the zx faces amount to 
(dp u Jdy)5ydx5z, and those on the xy faces are 

1 Lamb's Tfyclrodymmcn (1010 od ), P 509 See 

also “Elasticity, Theoiy of/’ § (6) 


(u ) Plow through a Circulai Pipe — ^As an 
example of tho applications of these equations 
we may take the import ant case of the steady 
flow of a liquid through a pipe of uniform 
circulai section 

Taking the axis of z to be coincident with 
the axis of the pipe, and assuming that the 
velocity is every wheie parallel to z, and 
dependent solely on the distance from the 
axis, we have tc = 0, u=0, and therefore 
fiom (5) 


& =0 ^ = 0 
'&rs 'Py ’ 


( 1 ) 


% e the mean pressure is uniform over each 
section of the pipe Again, fiom (5) ve have 


r dp_ 

'dz- fl \W +r ez 2 )> 


( 2 ) 


where p is a function of 2 Transforming into 
polar eo -ordinates r and 6 


r t)p (Ww ljjto?, i. 

^ = ' u \^ + r r dr' t r 2 'bd 2 J’ 


(3) 


and, since by symmetry w is mdependent of 
6, the last term on the right-hand side vanishes 
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ILenee tlie equation may be written 


? / / iw\ __ 1 


(4) 


+ A log r + B 


( 3 ) 


or integrating 

I 'dp 

W — t- yr 

4/x 

Since the velocity must be finite at the axis 
A = 0 and, if B be determined on the assump- 
tion that w = 0 at the boundary, i e there is 
no slipping at the wall of the pipe (r — a say), 
we have 

4/i 02 

The flow across any section is therefore 


( 6 ) 


w 2m r n = 


8/i 


r cp 

r oz 


(?) 


Thus if V be the volume passing in time T so 
that the flow is V/T, we have 


V=T~ 


V=T~ 


dp 

‘ 8 fi dz 

If the fall of pressure along a length 1 of the 
tube is uniform and equal to Pi~p v this 
equation may be written 

Pi-Pz 
' 8g l 

If, on the other hand, the possibility of a slip 
at the boundary is not excluded, the most 
natural assumption to make is that the slip- 
ping is resisted by a tangential force piopoi- 
tional to the relative velocity, 1 i e the 
boundary condition would be 
'd to 

where j8 is a slipping coefficient, oi 


io— -x 7 


if X=? 


V p 

This determines B m equation above, so that 
dp (a* - r 2 -}-2\a\ 

W ~ 7 te \ w ~) 

If \/a is small, this gives sensibly the same law 
of velocity as m a tube of radius a+X on the 
hypothesis of no slipping The coi responding 
value of the flow is 


7 TCP 

8/4 


(>- 4)1 


§ (4) Effect of Turbulence — It is cleai 
that any experimental verification of the truth 
of the law of resistance postulated by Newton 
will depend upon whether m the relation 

, dv 

a value of g for any given fluid can be found 
which has an identical value for all values 
of the velocity gradient dvjdy It will be 

1 Lamb's Hydrodynamics (1910 edition), p 572 


seen latex that in those cases of fluid motion 
m which the motion is turbulent oi eddying, 
the ratio of the wheat mg si less m the fluid 
paiallcl to the mean dm < turn of the flow 
to the moan velocity gnulient peipendu uhu 
to this direction is not an absolute constant 
for the fluid, but depends on the a< tual values 
of tlio velocity of flow and the chstulmlion 
of the solid boundaiies ol the flow In those 
cases the Newtonian hypothesis h teaks down, 
but its tiuth undoi tin umstiiiieos ol stionm- 
lme flow doflned by the condition that the 
velocity of the thud at any fixed point is 
always constant m magnitude and duct Lion, 
has been fully cleinonstiatecl IJndei these 
conditions of motion the coefficient y has 
been shown to ho a physical piopoity ol the 
fluid and is known as the absolute eoeflieicmt 
of viscosity 

§ (5) Results of Explulm knth (i ) (Vases • — 
Most ol the earlier detei mmations on gases 
wexo earned out by the method ol noting the 
damping of the oscillations ol a disc in the 
gas, as m the ease of Maxwells classical 
experiments 2 In this method, hovevoi, 
there aie considerable mathematical chlh- 
culties m determining the motion of the ati 
at the edge of the disc, and m jernit woik on 
the subject the method ol olmoivmg the fall 
of pressure of the fluid when flowing at a 
known speed through a channel with parallel 
walls has boon used An example of tins 
method is seon m the woik of (hmdlcy and 
Gibson on the vise osity of an 1 The appiu atus 
used consisted of two gas-holders of about 3 
cubic feet capacity connected bv a length of 
lead tubing of 0 125 inch diameter, ol which 
part was used as the experimental tube The 
ends of the experimental portion aie con- 
nected to a manometer by which the fall of 
pressure can bo measured In commencing 
an Gxponmont ono of the gas holders contains 
air and the other waloi, and by admitting 
watei under piessme to the lower pait of the 
gas- holder containing air, the an is forced 
through the tube at the desired into. The 
gas-holders woro calibrated so that the volume 
of an passing through the tube m a given time' 
could bo determined The length ol the tube 
betweon the vossols, which was about 100 feet, 
was wound on a conti al brass cylinder on a 
holix of 3 B fl pitch and 1 ft diametei Tim 
cylinder rested on supports in a vessel Idled 
with water and piovidod with devices for 
maintaining the tomporatuio at any desired 
value between 0° O and 100° O The oxpen- 
mental part ol the tube was about 108 loot 
long 

By inserting the known values of (he flow 
and value of the pressure gradient m equation 
(6), § (3), the value of y, was clod uoed It was 

3 Plnl Trans Hoy Hoc olvi 

3 Proc , Hoy Soc A, Ixxx 114 
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Inuud (bat m m eoidunoo with the results of 
jnevinuH in v< Hligatms the value ol y, was 
mdcqiimU ut ol the pussuic, and, fuitlioi, that 
its Munition with Umi'petatuie closely approxi- 
mated to the Hw deduced hy Sutherland from 
tluoutieal c onsideiations, ho that the value 
< mild he will ten 

_ k v /r r 

,l l k/t’ 

whine T is the absolute lompci aturo, and, for 
the < use of air, 


lv - 14 1 8 \ 10" 7 , 
c 102 5 

Koi lompuison with the results of other 
observer! w lilt li are expressed in the form 
ft rr(l 1 hi | d a ), the values of the constants 
tt> h, and r lor an woio found to he 
a 1 70 2 a 1 0 «, b - 0 00320, c =■ 0 000007 
(u ) Liquid**- Tn foinung a physical con- 
c i‘pl ion ol the viscosity of liquids it is of interest 
follow mg Maxwell, 1 to rcgai d the phenomenon, 
lint as an example ol the diffusion of matter, 
but us a limiting ease of an elastic solid when 
t lie matei i il breaks clown under shoar Thus in 
1 lm < use ol an elastic solid the shearing stress 
on any piano is proportional to the space 
rate ol displacement of the material parallel 
to the plant' The viscous drag is therefore 
i eluted to the velocity m x>ieusely the same 
way as the* clastic shear mg stioss to the 
disphu oment We may, thoiofoie, look upon 
a viscous liquid as capable of exerting a certain 
amount of shearing stress for a short timo 
and thou breaking down and the shear locom- 
menemg If wo suppose that the rate at 
which tin 4 shear mg stress breaks down is pio- 
pm timed to the shear and is espial to X0, where 

0 is the shear given hy O-dx/dy, x being 
the hnu/miLai displacement, tiro late at which 
Hhcnr is supplied is clO/dt , or djdy da/dt, 

1 <' it /dif v, wlreio v is the veloc lty of displace- 
ment, We have thoiofoie \0~dvjdy, and 
snuo the shearing stress is given by f^nO 
we have/ n/\ dv/dx, or «/\=jn The quan- 
tity 1/A is culled the time of relaxation of the 
liquid and measures the time taken by the 
shear to disappear wlion no fresh shear is 

supplied x , 

4} (0) HUltt.Y KxiMSMMkNTS (l ) Poiseuille 3 
Method* The earbost experimenter on the 
viscosity of liquids was Pmseuille, who earned 
out a very extensive scries of obscivations on 
1 ho ilow of v atei through capillary tubes 2 In 
these oxponmonts the outlet end of the capil 
buy tube was connected to a reservoir of watei, 
the ptessmo m which could bo regulated to 
any desired value by means erf an an pump, 
connected to the upper covei of the reservoir 
Provision was also made for regulating the 

i " Dynamical Theory of Gases,” Phil Trans 


temperature of the water to any desired value 
If was, theicfore possible, hy using capillary 
tubes of varying bore and length, to obtain a 
relation between the rate of dischaige, the 
dimensions of the tubes, and the pressure 
and tompeiature of the water The relation 
as given by Poiseuille was 

PD 4 

Q = 1836 724(1 + 0 0336T + 0 000221T 2 )^ , 

where Q is the dischaige m milligrammes of 
water per second, P is the pressure diffeience 
between the ends of the capillary tube m milli- 
metres of mercury, and D and Lare the diametex 
and length of the tube m millimetres It will 
be noticed that this relation agrees exactly with 
the results of the motion of a viscous fluid 
through a pipie of circular cross section, on 
the assumption that the velocity at the bound- 
ary is zero, i e the time of efflux of a given 
volume of water is directly as the length of 
the tube inversely as the fourth power of the 
diameter and inversely as the difference of 
pressure at its ends As an instance of the 
high order of accuracy obtained m these ex- 
periments it may be remaiked that the value 
of fi for T — 0, calculated from the above 
expression, is m close agreement with the most 
modem determination It has been pointed 
out by Lamb that, if any appreciable amount 
of slipping at the boundary of the pipes used 
by Poiseuille took place, a deviation from the 
law of the fourth power of the diameter w ould 
become apparent, and the fact that this was 
not the ease excludes the possibility of such 
an amount of slipping as has been inferred by 
Helmholtz and Pietrowbki from their experi- 
ments on the torsional oscillations of metal 
spheres filled wrth water The question is 
very fully discussed by Whetham, 3 who con- 
cluded that no slipping took place 

(n ) Temperature Effect — It will be seen 
that the variation of viscosity wnth temperature 
is of the opposite sign from that of gases, and 
it appears to be a characteristic of all liquids 
that the viscosity diminishes as the tempera- 
ture nses In the case of water the change is 
fauly rapid, as will be seen from the following 
table, which gives the results of determinations 
by Iloskmg 


Temp 0°O 10 20 30 40 50 60 70 

0L8 013 010 008 0066 0055 0047 0040 

This rate of variation is m very fair agree- 
ment with the temperature coefficient unit 
determined hy Poiseuille and given m the 

formula above , , 

(m) Oo) r actions — The Poiseuille method, 
on account of the simplicity of the apparatus 
required and the ease with which the obser- 
vations can be made, is still much used, but 
it should be observed that for accurate work 
two corrections to the results must be applied 
3 Phil Trans RS A, clxxxi 559 
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In the lii si place, the difference of pressure 
between still water on the inlet and outlet sides 
of tlie pipe is not an at tin ate moasuie of the 
pleasure giadiont ilong the pipe, since some of 
this pressure di tier once is leqiuiod to com- 
municdto the kinetic energy of motion to the 
watoi Fmtliei, m doiivmg iho cttuation of 
flow (§ (3)), it is assumed that the velocity 
distribution aaoss the pipe has become 
unifonn and that no accelerations parallel to 
the axis of the pipe aio taking place This 
condition is not full] Hod near the inlet end of 
the pipe, as an appreciable length of the pipe 
from the inlet m the direction ol flow is 
icqmied in which the at eoloi ations die out 
and the velocity distribution becomes umloim 
Foi theso loasons instead of the use of iho 
simple foimula deuved Itom equation (7), ^ (3), 

„ _ rn l T Pi-p 2 

* ~ SV l~ ’ 

m which T is the time of efflux of the volumo 
V of liquid, Pi) the piessuie differ once 
between the mlot and outlet ends of the 
pipe, and l the length of the pipe, iho following 
formula, in which iho collections explained 
above aie inserted, should bo used 

ra^p^h) , mpV 

* «V(J + na) 87rT(l-\-nti)’ 

wheie p is the density of the liquid nuclei 
test and n and m are constants The value 
of n may bo taken as ] 04 m all cases, and 
provided that the value of the second leim 
m equation is small compared with that of 
the first, m may be assumed equal to unity 
Whole high aocuuicy is requited it is necessary 
that the value of m should ho obtained 
experimentally by a senes of viscosity deter- 
minations with different rates of flow 

§ (7) MonniN Tnvbstiuationh —in 1 count 
work, however, it has boon found that no 
great diflieulty is experienced m making an 
accurate moasuie of the pressure gradient 
along the pipe at a Huiheieut distance from 
the mlot, provided that the pipe is made of 
some substance which can be easily mac hint'd 
In tins method two line holes aio dulled m 
the walls of the pipe at a known distance apai t 
along iho axis, gioat care being taken to 
prevent a “ burr ” being for mod m the inner 
surface of tho pipe where the hole passes 
tluough tho wall Suitable nipples aio 
screwed into tho holes at tho outer mufaco 
and flexible pipe connections made, one to 
each side of a sensitive manometer In this 
way when Iho flow is set up an accurate 
moasuie of tho fall of static pressure of the 
fluid between the holes is obtained As it 
is known that tho static piessuie is constant 
across any section ol tho pipe, tho intensity 
of tho surface Indian is easily calculated 
irom the foimula where # is tho 


pressure ddlereneo pci unit men indicated !>y 
the manometer and / is Iho distant e htlutcn 
the holes and a the radius 1 This mol hod has 
lecentlv been used at the* National IMiv uul 
Laboratory for the determination ol the icsut- 
ancc to flow ol tlmk oils m pipes As the 
method of obtaining the ihchsiiio giadunt m 
the pipes m these expoiimcnts is novel, a hnoi 
description of it is gr\en 

The manometer used was out' ol the Chut fork 
t>pe, tho principle ol which is that the pious 
tuo difference at the two ends ol a U lithe 
is balanced bv till mg the tube (humph a 
smalt measured angle so l lint the k ‘ hi ad ** 
due to the difference of level ol the Hind m 
the two vertical arms ol iho U tube 1 balances 
the external pressure diiloionoe, and no 
movement ol 1 ho (hud through Hie In hr* takes 
place For the hit lot purpose a telescope 
is fixed to tho tilting tible, Iho level ol which 
is always adjusted so tlml the Imo ol col 
lunation ] hisses thiough the smlnce of the 
mannmotoi fluid, sav watts or metunv It 
is, however, essential for the elimination of 
unknown fences due to eipillnidv tint the 
ends of the manometer lube where the mu lace 
of tho fluid is situated should he tup shaped 
as shown m Ftg 2, and as tho detec Iron of 
tho movement of such a huge sut face is a 
maifoi of some diJhculty, the dev it e is udopled 
of introducing a second liquid, usually oil, 
which will not mix with the water oi mercury, 
mto tho hon/ontal hmbol the* gauge 1 , and Iho 
hrui lino of tho telescope is focussed on to the 
memseus lor meal by I he common mu lace oi 
the two liquids Tins is (he usual device 
adopted foi measuring pressure diflotomoH 
duo to tho flow ol gases through pipes when 
tho sialic pressure of the gas is small Foi 
measuring the pressure drop in pipes com rung 
liquids and when tho static ptesMiie o( the 
liquid is high, tho type of inutioinelei dluslraled 
in Fig, 2 is more umvemenb 'Huh coichIs 
of a U-Lube Idled with meteuiy ti p to tlu* 
centre of the lower cups, the space above' the 
mercury being filled with salt water. In 
older to obtain a shaiplv defined mu hue of 
lugh sensitivity as an indicator of tlu* move- 
ment of the mercury, tho right bund cup is 
contracted to a small section and a second 
cup attached to it as sltmyn, Tho upper end 
of this hoc ond cup is connected to a j< so voir 
containing a transpnient oil which will not 
mix with tho salt water, A side cornier him 
to tho upper cup is connected with (he ex- 
perimental pipe Tho gauge Ih idled so Hint 
the separating surface of the ml and water 
form a memseus at the ext i emit y of the 
contracted part of tire Jower cup, and cm this 
tho hair-line oi the telescope is focusses I. The 
auxiliary glass bulb fittings at the sides ate* 


* uroniiy 
once of thrust «*prr« a . 


a > zir<u -town mcuomu joimm 
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lnbioduced foi couvcmenco m filling the gauge 
and niiilunu; sun that no bubbles of au are 
loR m any paif of the connections, and m 
oidei to obtain a Blunt uu ruling device by 
meant* ul wlmli the "oio of the gaugo can be 
H'ad oil without stopping the flow of liquid 
in the pipe Foi the lattei observation the 
two taps m the experimental pipe connections 
Ain shut and the tap in. the short connecting 
pipe opened By tins apparatus the factional 
losiHtanoo to How was obtained m the case of 
thick oils of viscosity tanging up to 20 0 x 10“ 3 
m absolute (J U S units 

fe (B) Tnw Kl-IU3(JT DE PRESSURE ON THE 
Vimuosity oi* 1 L i quids — In the case of liquids 
of i datively low viscosity the variation m the 
value ul the cooibcient of viscosity with 
(hungo ot piessuio is not very marked The 
viscosity oi waloi diminishes slightly foi 
pi chmui cs ot a lew atmospheies, and that of 
benzol ami ethei increases Hecent ieseaiehes 
on the changes of viscosity oi certain liquids 
when the piessuio is earned to values as high 
as l(KH) altnosphoies have, however, shown 


than 4 to 1 The remarkable charactei of 
the rate of use of viscosity with piessuie at 
the higliei pressuies will be seen from the 
emves in Fig 3, 
which illustrate 
the results ob- 
tained foi castor c 
oil and a mineral 1 o' 
oil As this in- 1 1 1 

vestigation has an « V 
important hearing * | 1 
on the constitu- “a 1 

tion of liquids, a ^ ^ 
short description o' 

of the method S 

used at the Na- «§ 

tional Physical 
Laboratoiy for 
measurements of 
the coefficient of 
viscosity at high pressures is here given The 
appai atus used foi these experiments was de- 
signed for canying out the tests bv a method 
suggested byhi T E Stanton, and a diagram- 



Fia 3 



Pig- 2 


onomiouH mci eases in viscosity due to high 
picHHUiea Thus m the casos of alcohol, 
eaibon bisulphide and ethyl alcohol, Pio 
feasor 0 Funs l of Oottmgen has found the 
viscosity oi these liquids at pressures of 
3000 atmospheres to bo more than treble 
Urn value at atmospheric pressure In a 
recent lonoaich earned out at the National 
Physical Laboiatoiy by Mi J H Hyde, 1 the 
viscosities of mineral oils at a pressure of 3 100 
atmospheres were found to have a value 
exceeding 10 times the value at atmospheric 
prossure, wheieas m the case of a vegetable 
oil such as i ape, the latio was not higher 
* Pm Hoy, $oc A, xcvii 


matic sketch is shown in Fig 4 The instrument 
consists of a U-tube, the limbs A and B of 
which are connected together at their lower 
ends by a large bore tube and at their upper 
ends by a capillary tube C as shown The 
whole is mounted on a frame supported by 
a knife-edge I), and so arranged that the left- 
hand side is heavier than the nght The lower 
half of the circuit is filled with mercury and 
the upper half with the liquid under experi- 
ment The motion of the frame is governed 
by the extension of a spring S, to which it 
is connected through the supporting arm F 
ter min ating in a pointer which moves over a 
finely divided scale In making an experiment. 
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tlie lilting frame is set in such a position that 
the horizontal tubes are level and the scale 
is adjusted so that the pointer is at zero 
A tilt is given to the fiame by moving the 
pomtei vertically upwards, the taps T and P 
being open The tilt causes a flow m the 
U-tubc, and when this flow has ceased the 
taps aie closed and the fiame restoied to 
its original position with the pointer at zeio, 
the tension of the spnng being adjusted to 
support the frame 111 tins positron The head 
of mercury m the circuit tending to cause 
flow round it can ho calculated from the 
motion which has been given to the pointer 
and from the distances DR and A B If now 


obtained up to picssuics of 1500 atmos 
may be u marked that the coiiHtiuc Poll n 
piessiui \isco&ity apparatus pusintul < 
practical difiiculty when tlio pu m mi( h 
of the order of 1000 atmosphous woni* 
use of high tensile wtccl fox the pads hi 
pres&uie Foi details of these and ini I In c 
data the ongmxl papa may be eonmilh d 

(9) Liquids of Hiaii Visoom 
method de&cnhod above foi 'the < 
of tho viscosity of fluids, by obse 
known gradient of pressure and Ui 
flow of the fluid tin oil gh a pipe i 
dimensions, has obvious piaclutd b 
when the viscosity of tho fluid 
, high, say ot the 


* = 100 

A simple me lb < 
may ho used in h 
ip to mloi tho visi (, 
tho observed stead 
fall of a spliei o m 1 



the tap T be opened, tho 
liquid will flow through 
the eapillaiy tube fiom 
A to B and the mercury 
fiom B to A Tho spnng is so designed 
that tho displacement of tho frame due to 
the flow of mercury from one veitical limb 
to tho othei is such that the head of mercury 
producing the flow remains constant, and 
it is clear that the fall of the frame as in- 
dicated bv the movement of the pointer over 
tho scale gives a measure of the volume of liquid 
which passes from one side to tho other In 
this way tho whole of the data icquiied for 
the calculation of the coefficient of viscosity 
are available when the dimensions of the 
eapillaiy tube arc accurately known, and tho 
value of p is obtained tiom the formula (see 

§ (3)) 

7rp/ia d T 

A m ' 

whore p is the density of the liquid, h tho head 
of liquid, a tho ladrns of the capillary tube, 
T the time m passing tho volume of liquid V 
tin on gh tho tube, and l tho length of the 
tube 

It will be seen that tlio above formula regimes a 
knowledge of the variation in the density of tho liquid 
with pressure before the value of the coefficient of 
viscosity can bo obtained In tho paper by Mr 
J H Hyde relerred to, a simple method is described 
by means of which the densities of liquids oan bo 


The lheoi> 
motion Jtu (In 
boon given b 
on tho uhh 
that tin* mei 
in the equations (*5) may be uegtoi it ( 
r d u 1 


im i 


j 

r dl p Osu 




On this assumption tho external f< 
on tho sphere is given by 

R = Qtirfxa IT, 

where a is the ladms of tho spho 
tho velocity of fall It has boon pi 
by Loul Rayleigh that tlio hmmui 
which tins solution is based limits ti 
of fall to extremely low values, 
relation will not hold with tuu 
unless tJu is small compared wit 
motion at higher speeds than tins 
investigated by Williams 3 

Another method which may be 
for liquids of high viscosity ib the 
diBc method first used by JVlnxw 
appears to be w r ell suited for tho d) 
practically important case of molten 

1 Collected Payers, 111 ! , 
a Phil Mag xxxvi 35 J 
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^ (ID) Tm, Viscosity o* Solids — As pointed . 
out hi Mu' inttoduition to this aiticlo, the 
ft K t u >n<tl i osmium e winch one puit of a solid 
hod v otitis to the sliding of the other part 
ovoi it H made up of two distinct phenomena 
fl) tin* elastic distoition of the substance in 
which the 1 vvotk done is stoicd up as potential 
eneigy in t lie molecules of the body, and 
(2) this viscous distoition, the eneigy of which 
is con veiled into heat It has been lemaiked 
by hotel Ivelvm 1 that this distinction is not 
ligully cm mb, since oven m tho absolutely 
pel feed el utility of volume piesented by 
homogeneous eiyaUls dissipation of energy is 
ail evitable losult of evoiy change of volume, 
because of the accompanying change of 
tompiuuluio and consequent dissipation of 
heat by conduction and radiation It is, 
howovei, looogmsed that tho loss of energy 
duo to tins cause is small compared with the 
whole loss ot eneigy which occuis m many 
oases ol tho vil nation of metals, so that the 
statement above may bo taken as sufficiently 
act u i ate 1 oi most puiposea The usu il method 
of studying the phenomena of the viscosity 
of metals is by noting the late of damping of 
the Imsioual oscillations of long rods cairymg 
a heavy mass at one end and fixed at the other 
end Tho damping of the oscillations is said 
to he moio rapid m glass than m most of the 
elastic metals such as copper, non, silver, 
aluminium, but on the other hand tho damping 
m the case ot /mo and mclia rubhor is moie 
tapid than in glass In the experiments 
dest u bed by Lord Kelvin m the paper ic 
foiled to, it was found, as would be expected, 
that the loss of eneigy m a vibration was 
gieaiet the gi eater tho velocity, but that the 
viuiatiou with speed was not neaily piopoi- 
tiomil to tho velocity of deformation as m 
tho ease oi fluids It would appear, there- 
foie, that tho damping is not altogether the 
effect oi viscous resistances of the ordinary 
type which aio piopoxtional to the rates of 
Htiam 

^(li) Tlllu INTERNAL FlOOTrON OF FLUIDS 
in TukbulijNT Motion (i ) Eddying Motion 
— Boioio entenng upon a discussion of the 
oliara c t oust ic s of tho internal friction of fluids 
when tho genoial motion is eddying or turbu- 
lent, a bnof description of tho methods of 
velocity estimation undoi these conditions is 
definable fm tho ieason that a measurement 
of tho mean rate of flow of tho fluid through 
any fixed clement of surface taken ovei an 
appreciable time is a matter of fundamental 
impmtanee in tho practical determination of 
tho i notional resistance Since by definition 
a Hurd m turbulont motion consists of a mass 
of eddies, it might bo supposed that any 
determination of the land under consideration 
would bo meaningless as defining any physical 
i Proo RS , 1805, xiv 289 


condition of the fluid, and tins is probably 
true in such cases as those m winch eddies, 
relatively large m size and slow m period, 
aie thrown off from the projecting edges of 
bodies immersed m fluids moving relatively 
to them It has been found, however, that 
m the majority of eases of fluid motion m 
which turbulence is known to exist either from 
the fact that the cntical speed 2 has been 
exceeded, oi from the observations on the 
resistance to flow being greatly m excess of 
those due to streamline motion, the eddies are 
apparently of such small dimensions and of 
such high periodicity that any appreciable 
variation of the forces produced on an 
immersed body by the turbulent motion of 
the fluid over it cannot he detected by 
ordinary methods For example, if in a 
parallel channel _ ^ 
through which air P'-r— i 
is m motion above ; j 

the critical speed, ; | ; 

a small open- 1 
mouthed tube be ^ 

placed with its ] 

axis parallclto the ; 1 \ - S tat,c pressure tube 

axis of the channel ! , ! 

and its other end 1 I | 

connected to a j , \ 

sensitive mano- 

meter as shown m 

Fig 5, it will be 

obscived that if f t ^ 

sufficient precan- T l\ iff - b 

tions are taken to VU r , to-to / 
eliminate external I 
disturbances and Fig 5 

irregularities of the 

mechanism causing the flow the reading of the 
manometer remains perfectly steady Further, 
if the pressure m the tube be accurately 
measured it will be found that its value exceeds 
that of the fluid itself by the quantity ipv 2 , 
where p is the density of the fluid and v is 
the mean speed of the fluid which would exist 
over the area occupied by the mouth of the 
tube if it were removed The pressure of 
the fluid itself is usually called the static 
pressure, and m the case of a fluid m 
motion, cither streamlike or tuibulent m 
character, the static pressure at any point 
is the pressure at the boundary of any smooth 
solid surface contaimng the point and parallel 
to the direction of flow at that point It 
is evident that the above relation between 
the dynamical pressure at the mouth of 
the tube and the static pressure affords a 
convenient method of determining the value 
of the mean speed of a fluid at any point 

m it , , 

(n ) The Pitot Tube —In the case of the 
parallel channel, since it is known that the 
3 See § (71), (m ) 
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tube as possible 
is shown m Fig 


pressure is independent of the radius (^oe 
§ (3)), all that is necessary is to measure the 
cliff eience m pressuie between the open 
mouthed tube facing the current, commonly 
called a Pitot tube, and that at a hole m 
the walls of the channel at the same cioss 
section, and equating this to }pv a , the velocity 
can be calculated In this way the velocity 
distubution over the cioss section of a parallel 
channel may be detei mined and the total 
flow calculated by graphical methods Com- 
panson of the total flow so estimated and that 
given by a discharge meter at the outlet of 
the channel has shown that the method can 
be relied upon to a high degree of accuracy 
Foi cases m which the flow does not take 
place in a channel with paiallel walls, it is 
necessaiy, foi the puipose of obtaining the 
static pressure, to introduce an artificial 
boundaiy as close to the mouth of the Pitot 
One method of doing this 
0, which is an lllustiation 
of the standard in- 
strument used for 
velocity measure- 
ment at the National 
Physical Laboratory 
Careful experiments 1 
with an instrument 
of this typo moving 
in free air have 
shown that the 
velocity estimation 
obtained from it 
when the pressure differences are measured on 
a manometer of the Chattock typo have a 
limit of accuracy of one-tenth of one per 
cent In the use of the instrument it is, 
of course, necessary that the density of tho 
fluid at the point considered should be 
known, and m the case of a compressible 
fluid where considerable differences of density 
exist tins may mvolve another experimental 
detei mmation of some difficulty 
The original use of the Pitot tube seems to 
have been foi the puipose of measuring tho 
distribution of velocity m nveis and canals 
In this form it consists simply of a glass tube 
bent through a nght angle and held vertically 
m the current, the height of the column of 
water inside tho tube above the Burroundmg 
surface being noted By this means tho use 
of a static pressure tube is avoided, but it is 
obvious that the velocity estimations must be 
of only an approximate nature 
(m ) The Critical Velocity — It was first 
shown by Osborne Reynolds that, when a 
fluid was m motion through a parallel channel, 
there existed a critical value of the mean 
speed of flow at which the character of tho 
motion changed from one of steady streams 

of Adnsory Committee for Aeronautics, 
p 35 


^ To Manometer 
PIG 6 


parallel to the axis of tho channel to one of 
tuibulence m which tho whole of tin fluid 
was bioken up into a mass of eddie-j The 
causes of tho change m tlu type of motion 
will bo discussed in gie.it u do tail m the 
I subsequent sections of tins aitule, but foi 
tho piesent puiposo it is sufficient to lemaik 
that the chango was found to coincide with a 
change m tho law of factional rosistamo to 
flow tluougli the channel, tho stioamhno 
motion coiiospondmg to a resist am o vaivmg 
as tho fiistpcrwei of tho speed, and the tuibu- 
lent motion coi responding to a lesistanoo 
varying ncaily as the square of the speed 
In the latter case, although tho mean motion 
at any point when taken ovei a suflieumt time 
is parallel to tlic sides ol the channel, if is 
made up of a succession of motions mossing 
the channel m diffoiont directions It is 
evident that m this case il we aio to adheie 
to the definition of the coefficient ol visually 
as tho latio of tho shcaimg stiess to the 
late of distortion, ? c that J and, 

further, if v m taken to expuss tlu* mean 
motion taken over a sufficient time, then 
since / is known to vmy as a power ol the 
volocrty greatoi than unity /i must ho a 
function of the velocity and must bo held to 
include tiro momentum per second parallel 
to tho piano of shear, which is earned by the 
cross streams through the piano 2 

(rv ) The Two Vibtohilm —II, how over, wo 
regard tho above relation as expiossing tho 
instantaneous value of the m tensity of tho 
resistance at a point m tho fluid, wo must 
realise that dv/dij is the instantaneous value 
of tho rate of distortion, a quantity w1u<h wo 
have no means of measuring ducdly, anil 
that then g, is independent of tho motion and 
a physical property of tho lluid It appeals 
therefore that, as pointed out by Osborne 
Reynolds, thoro are two essentially distinct 
viscosities in fluids One is a physical 
property of tho fluid and is a measure of the 
instantaneous resistance to distortion at a 
point moving with tho fluid, and the other is 
a mechanical viscosity arising from tho mnlat 
motion of tho fluid and given by tho i elation 
f~fx'(dvld}/), whore v is the mean motion at a 
point taken over a sufficient lime, and // 
is a function of v and piobably also of tho 
distribution of tho solid boundaries of the 
fluid 

That those characteristics arc independent 
of each other, apart from tho fact of tho 
dependence of lho existence* of the mechanical 
viscosity on tho physical viscosity, is shown by 
tho striking fact that when tho motion ol a 
fluid is such that tho resistance is as tho squat o 
of the volocity, tho magnitude of tho j osmium o 
is independent of tho character of the fluid m 
all respects, except that of its density 
2 Reynolds, Scientific Papers, 11 230 
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(12) Me asttivEmfnt of the MJ’Ciianical 
Viscosity — In a research earned out at the 
National Physical Laboiatoiy m 1911, 1 the 
chaiaotensties of the mechanical viscosity 
of a fluid as affected by the speed and the 
dimensions of the channel rn which the flow 
took place weie investigated The fluid 
used was air, which was forced through 
cylindrical pipes at speeds above the critical, 
and the distribution of moan velocity was deter- 
mined by means of a Pitot and static pressuie- 
tnbe device of the kind described above In 
ordei to simplify the investigation it was 
desirable that the resistance to flow should 
vary exactly as the square of the velocity of 
flow, m which case, as mentioned above, tho 
motion would he entnely independent of the 
physical viscosity of the fluid This condition 
was seemed by a suitable roughening 4 of the 



Pig 7 

internal surface of tho biass pipos used for 
tiie experiments 

The distubution of moan axial speod acioss 
tho section of the pipe Avas then measui ccl, and 
a typical cuive of distubution is shoAvn m 
Fuf 7 It aviII bo seen that the distubution 
of mean axial velocity m tho case of the turbu- 
lent motion is approximately parabolic from 
the axis up to a comparatively short distance 
fiom the Avails, % e the equation to tins part 
of the velocity cuive can be Avntten 

v~v c ~Ar*, (1) 

Avheie v 0 is the velocity at tho axis, r is tho 
radius at which v is measured, and A is a 
constant 

It was also found that for any section of 
the pipe the static pressure of tho fluid 
was constant for all values of tho radius, so 
that for any cylinder of fluid of radius i 
betAveen any two sections distant l apart tho 

1 Stanton, Proc Hoy Soc A, lxxxv 


sheanng sticss on tho outci buifaco would 
be given by 


01 


- pjirr 2 
3 ~~ 21 ' 


Avheio (pi -p 2 ) is tho fall of static piessuio 
betAveen the tA\o sections, and f tiio intensify 
of sheanng stiess r Pho sheanng sticss in tho 
fluid is thcrofoio piopoitional to the ladtus 
Bui- from (1) it is seen that 

dv * 

- - 2Af , 

di 

so that tho relation bocomos 

(Pi -3> a )/2Z= -2 /a'A 

Hence g/, Avhich is the mechanical viscosity, 
is constant across tho pipe up to AVitlnn a 
relatively small distance fiom the boundaiy 
Tho next step in tho investigation Avas to 
detcimmo tho dependence of g' on tho late 
of flow th lough tho pipe By taking a senes 
of distributions of axial velocity at different 
rates of Hoav and plotting tlie \alucs of vjv 0 on 
a radius base, it Avas found that all tho points 
lay on the same curve, indicating that in 
equation (1) t/v e = \-(Afv 0 ) ? a the value of 
A//) 0 Avas constant, i e that A Avas pi oportional 
to tho speed at Hie axis, and theiefoio that 
tho value of dv/d) foi any radius was simply 
proportional to the volocity of flow It folloAVS 
that, since the shearing stress is piopoitional 
to tho square of tho speed of Aoav, g' must be 
piopoitional to tho iirst powei of tho speod 
Finally, a senes of experiments Avc.ro mado 
with the object of detox mining tho effect of 
the dimensions of the channels on flic mechani- 
cal viscosity Foi tins jmiposo tAVo pipes of 
lacln a l9 <u u avoid piepaied, m which the surface 
roughnesses avcio geometrically similar, so 
that the intensity of the surface f notions Avas 
exactly piopoitional to the sq times ol tho 
speeds oi flow On detei mining the velocity 
distributions m fhose pipes, and plotting tho 
values of vji \ on a base of t/a, Avheio u a” is 
tho outside lachus ot tho jupo, it was Jo and 
that all the points fell on tho same curve, 
whoso equation was 


Avheio l Avas a constant 
Noav, if f gL , J Bi aio tho values of tho 
surface frictions m the two pipes, an df v tho 

values of the mtcinal fluid fnclion at cone 
spending lacln t 1 and 

f 31 ~~ Voi » and f 1 -*' 1 

/«2 V 02~ In a l /«2 a i 


Ave have theiofoio 

~f 2 ~' v c^ci 1 r 2 p/{dv/dr)t 2 


Pi ^ v n_ a i f 
p2 ^ 02^2 


VOL I 


2 A 
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% e the ratio of the mechanical viscosities m 
the two pipes is pioportional to the pioduct 
of the speed of flow and the diametei of the 
pipe It appeals therefore that the co 
efficient of mechanical viscosity for flow m 
paiallel channels m which the friction varies 
as the square of the speed may be written 
where v is the speed of flow, d is 
the lineal dimension of the channel, and L 
a constant depending on the nature of the 
fluid used m the experiments 

Since the dimensions of p! are [M/LT] it is 
evident that the dimensions of h are M/L 8 , % e 
that k is proportional to the densitv of the 
fluid used, as would be expected from the 
statement m paragraph (10) 

§ (13) Eddy Viscosity — The charactenstics 
of the coefficient of eddy viscosity have also 
been investigated by Mr G I Taylor m con- 
nection with atmospheric phenomena 1 

Considering the interchange of momentum 
between consecutive horizontal layers of air 
m a steady wind due to the movement of the 
eddies in it, let U s and V z be the average 
horizontal components of wind velocity at a 
height z parallel to perpendicular co ordinates 
x and y 3 and u' f v', w' the components of eddy 
velocity, so that the thiee components of 
velocity are V s +u' 9 V z + v', and w\ then the 
rate at which x - momentum is transmitted 
across a,ny horizontal area is 

J jp{V s + u')w'dxdy (1) 

Mr Taylor then proceeds to consider a 
particular case of disturbed motion, supposing 
the fluid incompressible, and the motion to 
take place m two dimensions x and z 
If originally the fluid is flowing parallel 
to the axis of x with velocity U a , then aftoi 
disturbance the rate at which momentum 
leaves a layer of thickness Sz is 

K/ w'dxdy~}dz-l8z (2) 

But since U 2 is constant over the plane 
xy and there is no resultant flow across a 
horizontal plane 

J J PTJ z w'dxdy=0, 

and therefore 

I=P ^J J u ' w,dx dy=pJ J (y^ +W^jdxdy 

(3) 

Further, since the motion is confined to 
two dimensions 0(U Z + vf)fdz - div'/dx-lmco 
the vorticity at the point rr, y, z, and since 
every portion of the fluid retains its vorticity 
throughout the motion, this must be equal to 
twice the vorticity wdnch the fluid at the 
point x, y, z had before the distuibance 

1 Phil Trans Roy Sac A, ccxv 11 


set m This is equal to the value of dVJtL 
at the height z 0 of the layti from whuh 
the fluid at the point t, ?y, s, ongmated, and 
theiefoie 


dV z , ?u' 
dz " dz 


?w‘ 
' O 




(I) 


From this i elation, together with the cqua 
lion of continuity. 


0w / du? 

7h + a. =0> 


(■ r .) 


equation (3) bocomos 


^ =P J J \‘ ll ~ii^ +W dx ^ M |_ rf? J , 

,dUA , , 
-w d: )dx ( h, 

~^<t) llullJ (<>) 


Tho first tcim of this expression vamslios 
when a laige aioa is considoied, but the 
second term does not vanish 
Expanding [dVJdX in poweis of (z u ~z) 
we 3i a ve 


rdU,-j (Ml, 

and theioforo 


•IK*-*? 

i 2 


<* l U. . 
dc* 1 



(7) 


and if (z {) -z) bo of stub a magnitude that l be 
change m dUJdz m that distance is small 
compaied with dVJ(L itsoll, 


d*\J x 


j [“>'(-<) 


• z)(h d?y, 


(«) 


and tho rate at which tho Jt -momentum leaves 
a layer ol thickness di is 


0 2 U / / 

^ vz* oz J I ^ (*q ~~ z)dxdy, ( 1 )) 

Tho effect of the distuibance is thoiefmo 
to leduco the x momentum of a homonlul 
layer of thickness da at tho rate p{?HlJdz*)8 : ' 
(average value of u)'{z n - z) poi unit men)* 
Tho same efloct would be pmdueod on a htyot 
of thickness dz by a viscosity equal to /j, 
(average value of w'^-z)) if the motion bad 
not been distuibod 

According to Mr Taylor’s theory, theioforo* 
when wo wish to consider tho disturbed motion 
of layois of an we can take account of flu* 
eddies by introducing a coefficient of eddy 
viscosity equal to p x average value ot w'(z 0 — 
and supposing that tho motion is steady 
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(»„-") ih tho height though wluch the air 
luiH moved since the last nuxtuio took place 
The tiveiage value of w'(z 0 -z) can be 
oxpiossed m the hum where d is the 

avoxago height thiough which an eddy moves 
befoio mixing with its surroundings and w' 
loughly u presents tho aveiage veitical velo- 
city in places whcio w' is positive 

Tho movement of the an on the earth’s 
sniftuo as alloc tod by the eddy viscosity may 
be investigated as follows 

Aw befoio, assuming tho an incompressible, 
the equations of motion (seo p 345) may be 
wi Ltten 

P»_v Ug-L^i' 2,,' 

\)t p\ cH p v 

Do 

i n 


P^J P 


Die 

Dt 


v 1 dp.n' o 

=/_ p& + 7 v “ w ' 


(i) 


with the usual notation 

Assume a constant pressure giachent G 
acting m the duection of y The remaining 
forces «ue gravity and those duo to tho eaith’s 
rotation 


Ilonoo 


X = - 2 cov sin X 
Y =2w a smX 

z=-a 




(2) 


whore co is the angulai velocity of the earth’s 
rotation and X is tho 1 ititude, and 

i 

p-=L - gpz bG?/, whero L — constant 

Assuming tho motion to bo lion/ontal, equa- 
tions ( 1 ) become 

dhi 
di 

d*v 
dz * 

Eliminating u wo have 

5 h < bi ° 


o= ■ 


0 = 


* 2m sm X -f ~ 

P 

■ 2m am X- G -t^ 
P P 


( 3 ) 


(Ij 


= 0 , 


or ,iz sin B; 

or substituting m (4) 
it - A 2 e~ IJ cos Br- A 4 i 


whcio 2B 2 = 2w - p -^A 
l-A 4 e“~ B2! cos B z. 


- B z 


sin Bz + 


G_ 

VB a 


(7) 


( 8 ) 


At groat heights, thoieforo, e = 0 and 

___ G ___ G 
U ~~2p/ti 2 ~~2up sm X’ 

i e v is independent of p! and is the value of 
the velocity calculated from the pressure dis- 
tribution, and is called the gradient velocity 
The values of A 2 and k y aio found as 
follows 

Assuming that at the surface 
du\dz jii 
~~v* 


this becomes by substitution fiom the above 
relations 


_ /A 2 +A 4 \ 

\a 2 -aJ 


A 2 Hr (G/2//B 2 ) A 2 + Q g 
i/ A 4 A 4 


( 0 ) 


where Q G is the gradient velocity 

Again, if the wind at the surface he deviated 
thiough an angle a fiom the giadient wind 
m such a way that if one stands facing the 
surface wind the gradient wind will be coming 
from the light if a be positive Then 

tan a — - (-) = A - A 

Wz = 0 A 9 

and we have 

tan a(l -btan a) n > 

1+Wa I 


A, = - 


2 + Qq. 


A — ~~ ^ an a(l ~ tan a) 
l+tan 2 a 

Now the surface wind 

Q .= v (“ 2 +« 2 ) z = 0 

= VAj 3 + (A 2 + Qq .) 2 
Qq 


Qq I 


( 10 ) 


\/tan 2 a(l-tan a) 2 -b(l -tan a) 2 
Q 6 (cos a-sm a) (11) 

been verified by direct 


1 + tan 2 a 
or Qs : 

Tins relation has 
observations made by means of pilot balloons 
on Salisbury Plain by Mi G M B Dobson 
Again, if II x bo the height at which the 
direction of the wnnd coincides with that of 
the gradient wind, putting v — ti we have 

A 2 sm BHj, + A 4 cos BH^O 
oi tan BIL = - 

Ao 

and substituting for A 2 and A 4 


I - tan a 

tan BIL = r — - =tan 

1 1 + tan a 


=tan (b-j) 


( 12 ) 


Since a is positive and less than 7r/4, the smallest 
positive value of H a is given by BH 1 = 37r/4-b a 
The height H 2 at which the wind velocity 
first becomes equal to tho gradient velocity 
is given by u 2 + t> 2 = Q G 2 , or 

_ ( 1 j- t an a) cos BIf 2 - ( 1 - tan a) smBH g 


-BIL 


tan a 

(M) 

The relation between BH 2 » BHj, II-t/IL, and a 
are given m the following table 



BH a 

BIL 

Hi 

H« 

0 

78 

2 35 

30 

10 

91 

2 53 

2 8 

20 

1 04 

2 70 

2 6 

30 

1 20 

2 88 

24 

45 

1 44 

3 15 

2 2 


Mr Dobson gives 800 metres/300 metres 
=2 66 as the observed value of HJHa foi 
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a =20°, which is in very close agreement with 
the above calculation 

Further, assuming a value foi a of 20°, we 
have from the above table BHj =2 7, and sub- 
stituting m the relation 


/wp sm \ 

5= v -?-• 


(14) 

Putting w = 0 000073 and X=50° N , wo have 
for the South of England 

— = H, S xO 77 x 10' 5 

P 

Taking the values of H x from Mi Robson’s 
paper, wo obtain the following table 


Wind 

Six m Metres 

P 

Strong 

900 

62 x 10 3 

Modci ale 

800 

50 x 10 3 

Light 

600 

28 x 10 s 


II The Nature of the Motion of Fluids 
over Solid Surfaces tangential to 
the Direction of Flow and the Char- 
acteristics of the Frictional Forces 
consequent on the Motton 

§ (14) Resistance to Motion over a Solid 
Boundary — The relations between the resist- 
ance encountered by a solid body moving 
through a fluid m which it is completely 
immersed, or by a fluid in moving over a 
fixed solid suiface, can bo bioadly divided 
into two classes The resistance is either 
proportional simply to the relative speed of 
suiface and fluid, oi it is pioportional to a 
power of the relative speed which is m the 
neighbourhood of 2 

( 1 ) The C ) itical Velocity, Osborne Reynolds' 
Law — It is found that these two classes of 
leaistance correspond to two definite states 
of internal motion of the fluid When tho 
elements of tho fluid follow one another along 
lines of motion which lead m the most dnect 
manner to their destination, the resistance 
is proportional to tho relative velocity simply 
When tho pai tides of tho fluid eddy about m 
sinuous paths the most indirect possible, 
i e tho fluid is m tiubulent motion, tho xesist- 
anee vanes nearly as the squaie of the speed 
The tianspaiency ol most fluids lenders it 
difficult to determine when a fluid is m steady 
or turbulent motion Thus in tho case of waiei 
passing through a glass tube it is quite im- 
possible by visual examination of the flow to 
determine which of the two states of motion 
is taking xilace A simple method of demon- 
strating the nature of the motion of fluids 
and of the manner m which one state of motion 


will pass into the othei was devised by Osborne 
Reynolds m 1883 1 In these experiments 
a straight tube of glass 5 feet long and pro 
vided with a tiumpot mouthpiece was placed 
m a waiei tank 6 feel long, 18 inches deep, 
and 18 inches bioad m the mannei shown 
m Fiq 8, and piovided with a stopcock to 
regulate the rate of flow of tho watci through 
it A small icservoir of colour otl w r atoi was 
placed above the tank with an outlet into the 
tank m such a position that a sit earn of 
coloured water could bo clcli voice! at a veiy 
slow speed a few inches m front of tho trumpet 
mouthpiece, with the result that a stieak of the 
colour could be diaw r n into the pipe when 
flow through it took place Tho flow of 
colour was regulated by a clip on tho india 
lubber pipe connection It was found that 
when the cock was slightly opened and a 
stieak of coloui allowed to enter tho pipe with 
tho water, no mixture of tho two fluids took 
place, the stieak exhibiting itself as a thm 



band parallel to tho axis of the pipe As 
the discharge cock was gradually opened 
fm ther it was observed that foi some definite 
value of tho velocity of flow, which was always 
the same for the same tompoiatuio oi the 
water, the whole of tho colour band extending 
downstieam from a point at some distance 
from the mouthpiece would suddenly break 
up and mix with tho sin rounding watci, so 
that this pait of tho tube became full of a mass 
of coloured water By fuitliei me leasing the 
rate of flow tho point at which tho hi oak- 
down occurred moved back towards tho 
mouthpiece, but it was not found possiblo 
by increasing tho flow to the greatest extent 
possiblo to cause the break-up of tho stieam 
to take place at tho mouthpiece The signifi- 
cance of this eflect will bo roleiied to latci 
As icgaicls the conditions which dotoi mined 
tho bioak -up of the steady motion, it was 
observed by Reynolds, fiom an examination 
of the equations of motion of the Hind, that if 
the motion be supposed to depend on a amglo 
velocity parameter U, say tho mean velocity 
along the tube, and on a single linear paia- 
moter c, sa,y the radius of tho tube, then 
tho accelerations would bo expressed m teims 
of 2 tyxoes, m one of which U a /c 2 is a factor 
and m the other fiXJ/pc* is a faotm Tho 
1 Phil Trans Roy Roc , 1883 
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relative values of these teims depend on the 
value of tiie ratio cpUjfi, and it would appeal, 
tlierefoie, that if the eddies weie due to one 
paiticular caube the bnth of the eddies would 
coincide with some particulai value of this 
xatio 

To test the accmacy of this conclusion, a 
huge numbei of obseivations weie mado m 
the apparatus shown m Fig 8 to determine 
the value of the velocity at which the steady 
motion bioke down m pipes of different 
diameters 

For the purpose of obtaining the ellect of a 
variation m the value ot /x, the temperature 
of the watei m tile tank was varied between 
the values 5° 0 and 22° G 

The results of the experiments fully coiro- 
boiated the conclusions diawn from the equa 
lions of motion, the law of the critical point 
being given by the equation w c d/j//x — 300, 
where v c is the critical velocity of How, % e 
the dischaige per unit of time divided by the 
area of the pipe, d is the diameter of tho 
pipe, and g and p tho viscosity and density of 
the fluid, all measured m some sclf-consistont 
system of units 

(n ) Ffject of the Boundai y — It was noticed, 
however, that the cutical velocity was much 
higher than had been expected m pipes of 
the sizes used, since resistances varying as 
tho square of the velocity had been found 
at much smallei velocities than those at which 
tho eddies appeared m the tank experiment 
Further, it was observed that the critical 
velocity was very sensitive to disturbance 
of the water before enteung the tubes, and 
it was only by the greatest care as to the 
uniformity of temperature of the tank and 
stillness of the water that consistent results 
weie obtained Tins showed that tho steady 
motion vas unstable for large disturbances 
long before the critical velocity was reached 
As it appealed probable that tho cause of 
this phenomenon was dependent on the 
boundary condition, tho following experiment 
to show the effect on tho motion of an elimina- 
tion of the solid boundaries was devised A 
glass tube 5 feet long and 1 2 inch m dia- 
rnetoi, having its ends slightly bent up as 



JFlti 0 


shown m Fig 9, was half filled with bisulphido 
of carbon and then filled up with water and 
both ends corked The bisulphide ‘was 
chosen as being a limpid liquid but little 
heavier than water and completely insoluble, 
so that tho surface between the two liquids 
could be cleaily distinguished When tho 
tube was horizontal the surface of separatum 
extended along the axis of the tube On 


ono end of the tube being slightly laiaed the 
watei would flow to tho upper end and tho 
bisulphide to the other, causing opposite cur 
rents along the upper and lowei halves of tho 
tube It was found that when one end of the 
tube was raised quickly by a coitain definite 
amount, waves showed themselves at the 
sutface of separation which presented the 
appoaianco of wind waves Fuithei, it was 
noticed that aftei tho expiration of some days 
a skm foimed slowly hetwoon tho bisulphide 
and the watei, and that when this was foimed 
a repetition of the tilt did not result m tho 
formation of tho waves hut in the production 
of odclics, below and above the surface of 
separation It would appear, therefore, that 
there is a critical velocity independent of the 
boundary action, and that the introduction of 
a boundary condition alteis materially tho 
natuio of the motion This conclusion was 
conhmicd by observing the effect of the 
wind on a suifaco of watei calmed by oil 
chops It was noticed that as the sheet ol 
oil on the smface of the water clufted bcfoio 
tho wind, there was distinct evidence of 
eddies m the water below the oil at some 
distance fiom the windward edge, hut that 
without oil thoie was no indication of eddies, 
thus indicating that the boundary condition 
introduced by the oil was the cause of the 
eddies There appeal od, thoiefore, to he no 
doubt that the hi eak-down of the steady motion 
m the straight pipes was due to eddies tin own 
off fiom the solid boundary, and that, conse- 
quently, eddies jnoducecl by any other cause 
sucli as a disturbance in the water would also 
tend to bring about the same losult Fuithei, 
it follows that there must he another cutical 
velocity which would be the velocity at which 
pioviously oxistmg eddies would die out and 
the motion become steady It was decided 
by Reynolds to test this i onclusion by allowing 
water m a high state ol disturbance to ontei 
a tube and observing tlio motion at a distance 
from tho inlet considered sufficient for tho 
eddies to have died out if at all 
Obviously tho oolom band method was 
useless foi tho purpose of settling tins question, 
as tho effect of adding colour to a mass of 
wator m lui Indent motion was to rendoi tho 
whole ol it uniform m colour It was decided 
Anally to investigate tho changes m fuctional 
losistanco with speed, as it was thought that 
tho speed at which the law of resistance 
changed fiom that of tho square to that ol tho 
first power of tho speed might be sufficiently 
well marked to define a cutical speed For 
this purpose lead tubes of about 16 feet m 
length and a half -moll and a quaitei-mch 
diameter were connected to a supply of watei 
m such a way that the wator ontoied tho 
tubes m a high state of turbulence The last 
5 feet of the tube was connected to a mano- 



358 


FRICTION 


metei by small pipes leading fiom two holes, value of v L is always given by v c dplfi l , nul 
one at each extremity of the experimental R c from tho stieamhne the oiy is mown o 
length The water flowing from the tubes equal to Uojd, we have, by substitution, 
was passed through a special metei, so that all T&pd* __ fvdp\ 11 

the data for calculating the speed of flow and 4^-A = \ Z /4 / 9 

the frictional resistance weie available It 

was found that the critical velocity at which a relation which, according as n I oi a 

the motion changed from one type to another value m tho neighbourhood <>f 2 depending 

was very clearly marked, both by the violent on the nituro oi the surface oi the p*p(, 
disturbance of the watei m the manometer expiesses the law of icsist.mee for all 
when the critical velocity was reached, and of pipe and conditions of flow of the Hind 
also by the maikecl change of slope of tho The experiment* of Reynolds on which tlu'se 
curve of resistance of which the oidmatcs conclusions aio based were cut nod out in 
and abscissae were the f notional lesistanco smooth lead pipes of 1 27 and 0 52 <• 

and the speed of the water diameter, and through a speed range ol lnnn 

As was anticipated, the value of the critical 3 to 706 cm pci second lor the 1 27 t m 
speed thus found was considerably lower than prpe, and from 7 to 4h ( ) cm per second fen the 
that obtained by the method of colour bands, 0 02 cm pipe Further, ataroiul examination 


thus indicating that the critical 
speed m the latter case had a 
fictitious value From the fric- 
tion experiments it w r as found 
that the real critical speed was 
given by the relation 

^ 2-? =2000 
g 

(m ) Reynold*? Index Law — 
Reynolds’ method of presenting 
the results of the experiments 
was by means of plottmg not 
the observed values of the re- 
sistance and speed, but the 
logarithms of these numbers 
It was found that when this 
process was carried out for any 
particular pipe the resulting 
curve consisted of tw r o straight 
branches, the lower one corre- 



Log Resistance 



sponding to observations below 
the critical being inclined at 
45° and the upper one at a slope to tho axis j 
of pressure of n to 1 These curves are shown 
m Fig 10 for the case of the two lead pipes 
used 

It was evident, therefore, that the law of 
resistance foi speeds about the critical was 
not, as had been supposed, of the form 

R=Av 2 + Bv, 

but of the form R = O n 

It will be seen later that this relation, 
known as the mdex law of resistance, is only 
approximate, but over tho range covoied by 
Reynolds’ experiments its accuracy is fanly 
high 

A general law of resistance for pipes of all 
dimensions and rates of flow was obtained by 
Reynolds as follows From the logarithmic 
plottmg it appeared that R/R c — (?>/w t ) n where 
R c and R are the frictional resistances per 
unit area at the critical velocity and above 
it But since by Reynolds’ discovery the 


Fig 10 w 

of Darcy’s vory extensive experiments on w ale? 1 
flowing m pipes ranging from 1 2 cm to 50 cm. 
in diameter did not show unv systomnlio 
deviation whatever horn the gonoial i elation 
laid down, and with vciy lew exeopiioim the 
agreement with tho Reynolds lonmila was 
within 2 ox 3 per cent 

III Tina Determtn vrroN ov Theory and 
Experiment of tjie Frtotional R rsi st- 
ance of Surfaces to the Motion of 
Fluids over Them 

§(H) Resistance to Motion of a Sen, id 
— The analytical investigation of tho icsistniiee 
encountered by a solid moving thiough a fluid 
is one of considerable difhcully In tho omly 
study of tho pioblcm, m order to simplify the 
treatment, the fluid was assumed Xuctionlesa, 
As this method led to tho conclusion that tho 
resistance was nil, m order to obtain ronulls 
more in agreement with the known lac tft it 
wgis assumed that a surface of discontinuity 
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existed m the fluid whose bonndai les ccm- 
Histotl pa 1 1 1 v oi fixed plane walls and jiartly 
of mu I at t s of (mutant pressure In this 
way (ho uhhUiko of a piano lamina m a 
(hud, imlitud to the direction of flow, was 
obtained by hold Rayleigh 1 m the form 
It f>\V~(Tr Hill a/1 Htt buu}, wlicio V is the 
\oloidy of How and a the angle which the 
lamina mu Ut s with the dneetion of flow In 
this expiessum the vanation of the lesistanco 
with flu' square of the speed has been venfied 
by oxpenmoni, but m piactico the value of 
fh(‘ numeiiea! hutoi is moditied by the 
omhUmioo ut a “ mu Uon ” at the lear of the 
lamina, wlmii lenders the calculated value 
too small Btoadly stated, the position as 
legmds the possibility oi solving pioblems m 
(bud assistance by the aid of mathematical 
analysts is (bat casis m wlucli the motion 
oi the thud is “ steady *'■ — ic stioamlmo m 
ebaimUr — aio amenable to mathematical 
treatment, but that eases of tui Indent motion 
•lie mtnu tabic', because no analytical method 
of treating the motion of a fluid which consists 
of a muss ol eddies has yet been evolved 
Smt (* m pi actually all cases of importance 
the motion m the neighbouihood of the solid 
mu la< e is turbulent in chaxactei, oui knowledge | 
ol tire resistance to the motion of solid bodies 
tin nugh (luids is hugely ompincal 

(lb) IhuNomm of Dynamical Similak- 
it\ J -(Vnihuloiablo progress has, however, 
been made in the piodielion of the resistances 
ol HUih huge bodies as ships and aireiaft by 
the i aiiymg out of experiments on scale 
models ol these bodies m accoidance with 
the pi uu i pies of dynamical similarity Thus 
it has been shown by Lou! Rayleigh 3 that the 
i (datum obtained by Reynolds for the case 
of the (low of waiei m parallel channels is 
only a particular ease of a goneial law of 
the ioHJMtan.ee of bodies of geometrically 
Hinulai shape immersed m fluids moving 
relatively to them, tuidci the assumption 
that tins resistance depends only on the linear 
duuonHiouH of the body and cm the velocity, 
dom-nly, and kinematic viscosity of the fluid 
It is fui Ihot assumed that the geometneal 
HLimlatriy extends to those suifaco irregu- 
larities w Inch constitute roughness If this he 
the cuhc, the expression for the resistance may 
1 » wnltpn ( 1 ) 


equation (1) are (L/T)° (L) 6 (M/L 3 ) c (M/LT) 1 *, 
and by the principle of dynanneal similarity 
these must he identical, i p the indices of 
the respective units must be the same 
Equating these we have 


c + d = l 

= 2 U 


cc + d 

a-bb - 3 c- d = 
c — \ - d, b — ~d f 


CL — — 3 “ (7, 


so that 


R 


R 




(2) 


( 3 ) 


or generally 

where F is a function of the one variable 
(VZ/y), v being the kinematic viscosity of the 
fluid 

It should be observed that the demonstration 
of the truth of this 1 elation is a matter for 
experimental investigation, as it is quite 
possible that some characteristic of the fluid 
oi of its motion may have been oveilooked 
m the initial assumptions, such as, for instance, 
the elasticity of the fluid Comparing this 
relation with the experimentally determmed 
relation of Osborne Reynolds (§ (14), (m ^), 
which may he put m the form 


pV- 


W 


we see that when ?i = 1, i f when the flow is 
streamline in character, 

JR _4r 

pV*~Vd’ 


F 


(?)= 


4v 

W 


and that when ?i = l 75 as in the case of the 
turbulent flow of water through smooth pipes, 



A somewhat more general treatment of the problem 
of the conditions for similarity of motion m fluids 
was given in 1873 by Helmholtz, 4 of which the 
following sketch may be of interest Considering 
two fluids of densities p it p%, and kinematic viscosities 
„ j, 2> the conditions under which the motions of the 

two fluids are similar are determined thus Taking 
the equation of motion of the first fluid as 


1 dp 
p ± dx 


du du du du 

= -r -bU~~ +?>j- 4 “I 

dt dx dy 


dz 


/ d z u d 2 u d 2 u~\ 

— -j -j — — - r 


1 1 dx 2 dy 2 


dz 2 S’ 


( 1 ) 


w lim> It ih I, lio rosistaneo i>or unit area of the 
laxly, l w llio lmoar dimension of the 130(132, 
V ih tho velocity, p the density, and /1 the 
viHooHity of tho lluid, l being a dimensionless 

count. a ni mo ., i 

Now tho dimensions of R are [N/LT ], and 
the dimensions of tho right - hand side oi 

I Hnvktah, Scientific } 201 ? 

a Hoo ailide <c Dynamical Smitoity 

II Philosophical Magazine, 3809, xlvin 321 


and two similar equations, and writing 

v*=<l v i> Pi—rPv 

then m order that these equations may be trans- 
formed into the equations for the second fluid 
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under the given conditions of similauty 
U ~ nu, V = nv, W — mo, 

at will he seen that multiplying (1) by n?jq the 
required transformation is effected if the changes 
in the scales of length, tune, and piessure are 

X- 5 *, T=- 4 '-A P =n i tp (i) 

n n~ 

It follows tkoiefore, from the linear scale relation, 
that if l, L aio coire&pondmg dimensions of two 
tubes in which fluids of densities pi, p%, and kinematic 
visoosities v t , u 2> are flowing in order that the two 
motions may be similar, L = (p a tf7/j' 1 V) l i e VL/u, must 
have the same value for each Again, from the 
pressure scale 1 elation it follows that foi similar 


widest range m the velocities ul Hoy, f] 1{ , 
lineal dimensions of the silt faces, md the 
natuic of the fluids used is ion Id he 
obtained 

The most convenient method of securing 
these conditions, both as tegaids lange m 
the value of the above dnaactemtics and 
accuracy m the measurements of the velocity 
of flow of the fluid and the hit tiunal foicot* 
consequent upon it, was obviously that 
previously adopted by Reynolds, < omistmg 
m experiments on the flow through paiallel 
pipes of circulai cross section 

Adopting fins method of wot king, a very 
complete senes of experiments weie earned 



motion the value of P/pV 2 is the same foi oaoli 
fluid The investigation of Helmholtz loads, there 
fore, to the same condition for similauty of motion 
as that deduced from the dimension method of Loid 
Rayleigh It lias been pointed out by Sir George 
Greenlull that the interpretation of Proposition 32, 
book n , m Newton’s Principui leads to the same 
conditions 

§ (17) Experimental Verification of the 
Rayleigh Formula — An extensive senes of 
investigations were earned out at the National 
Physical Laboratory 1 during the yeais 1910- 
1915 to test the accuracy of the assumptions 
on which the Rayleigh resistance formula is 
based These experiments consisted of deter- 
minations of the intensity of the surface 
friction of fluids moving over geometrically 
similar sohd surfaces, so as to include the 

1 Phil Trans Roy Soo A, ccxiv 


out with air, watei, and thick oils ns Hit* 
fluids and with velocities nt (low ranging bum 
30 to 0000 cm pen second For .ucumlt* 
comparison, as pointed out by Loid Rayleigh, 
the sudaues of the tubes should have lx on 
precisely goomotnealiy mmilm as legate!§ ** 
sm face roughness, but m tins condition eouhl 
not be fulhllod the experiments wore nil 
made on common .rally smooth -diawn Ihrmb 
tubes From tho geneuil agi cement of tho 
lesults obtained with ehlTejont pipes it w tin 
not apparent that, slight urogulardies m thin 
respect had any marked effect on the i csistanoo, 
Tho velocity of flow was in all cases taken to in* 
tho mean velocity aetoss the section of Ltu 
pipe In the ease of the ])ipes of smutll 
diamotci this was most eonvemenUy catmint oc 1 
by passing tho whole of the discharge thrombi 
a meter and moasming tho rate over a givoi 
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burn' Tins method — 
id puKoduu was not 
povJible Eo t i lit' logo 
pipes, and in those 
t isos the xaluo oi ttio 
velo< tty at tin avis of 
the pipe* was meastued 
liy moans ot a Pitot 
lube and then multi- 
plied by (ho idUo of 
the moan spt od to the 
maximum speed As 
this lalto wan not 
constant ini dilloiont 
speeds and dimensions 
ot pipe, tt was hooch- _ 
hui v In i u t y out a 
spot tat investigation 
on tho law ot its 
va nation This was 
done ini tho huge ” 
pi pis l>\ httmg the 
lhtot tube with a 
inn inmotoi head so 
Ihtl it could bo t.ra~ 
v iseil aotoss tho pipe, 
and a senes ot obsoiva- 
1 1 < ms made of the 
\eloetty at ditleient 
distant ( s fiom the . 
asm The value of 
l he i aim was then 
found by plotting and 
met burnt at integration 
m the usual way 

The* values of tho 
nil in and its varia- 
tion with tin \aluo of 
V ma% f//i' aie shown m 
A 1 if/ XI, wheio V limx is 
the velocity at tho 
ixm It will he soon 
that foi low values 
of Vu.iiv djv the vana 
lum is considerable, 
but l hat when \ m ,i \djv 
exeeeds 100,000 it X)C- 
< omen small 

In all (‘uses tho 
value of the surface 
hie lion was calculated 
horn tin* piesHiue drop 
along tho pipe bo- 
tv eon two sections 
Hulheiontly hir to- 
moved tiom tho inlet 
ol tho i>ipG ^ or ^ ie 
volet i ty (list i dmtion 
aejoss tho pipe to 
have become uniform 
The value of tho press- 
ure diop was, m the 
gieat majority of cases, 
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measured by connecting two holes m the wall 
of the pipe, one at each section, with a tilting 
manometer of the Chattock type, by means 
of winch pressure differences as low as one 
thousandth of an mch of water can be accur- 
ately measured For the experiments with 
water flowing thiough small pipes at speeds 
lion 3000 to 6000 cm per second, where the 
pressure diop to be measured was of the older 
of 10 lbs per sq m , specially calibrated 
Bourdon gauges were employed These tests 
gave the highest value of vdjv obtained m the 
experiments — 430,000 — and the frictional re- 
sistance was as high as IS grammes per square 
centimetre The whole of the results are 
show n plotted m Fig 12, m which the ordinates 
are the values of R /pv 2 , and the abscissae 
the corresponding values of vdjv, where R is 
the surface friction per unit aiea, p the density 
of the fluid, and v the mean velocity of flow 


experiments above the attic al speed, i c 
from ( w?/p) = 2500 to (vd/v) - 170,000, with tho 
exception of a few individual ditci imu.it ions 
due possibly to otjois of obsoi vaiioti, the 
variation of R /po i foi eithei lhucl m any ot the 
hve pipes tiom its mean value does not ox< ot d 
2 0 iioi cent, Mv> that tho .u tunny ol tin* 
assumptions in the douvation of the Ihiylt ich 
law of resistance is fully demmist luted 

Theio lemamed tho comparison on the nunc 
basis of tho results of previous oxpoiiinontom 
on the flow of fluids m pipes with those ub 
tamed at the National Physical Ltlmi.ilnty 
Those included the veiy elaborate investiga- 
tions of Daicy 1 on tho wwtei mains ot Pans, 
a veiy complete senes ol tests on the How 
of water thiough dniwn bias-t tubes by Miph 
and Sc liodei,® and tho lesults of ioso,ii<bos 
by Bux 1 and Stoehalpei 1 on tho How ol an 
thiough lead and non tubes 



It will be seen that the curve consists of two 
branches connected by a narrow vertical band 
over which the points are somewhat nregularlv 
spread This band indicates the region of the 
flow between the break-down of the steady 
motion and the establishment of complete 
turbulence The left-hand branch, correspond- 
ing with speeds belowr the critical value, is m 
very good agreement with the critical curve 
obtained from the hydrodynamical formula 
for steady flow. 


For values of the speed of flow above tb 
critical it will be seen that the mchnatioi 
of the curve to the horizontal become 
gradually less as the value of vdjv increases 
indicating that the law of resistance tends t( 
become one m which the friction vanes a< 
the square oi : the velocity, and therefore 
independent of the dimensions of the channe! 
and the temperature of the fluid Through- 
out the whole of the range covered by the 


Unfortunately m some of those obnorvat joiih 
the tempoiatuio had not boon molded, ho 
that the values of v could not bo calculated 
with accuiaey 

The reduced losults wore plotted m flu* 
same manner as in Fig 12, and the moan 
curves through them mo shown m Fig 13, t n 
which tho curve lor the National PhyHieal 
Laboratory experiments w also indicated In 
the caseof Darcy s experiments lb com vofm the 
largest pipe is distinct from that of the othoim 
presumably indicating gj cater roughness of (.ho 
internal surfaces, but tho general dm mot ei mhos 
of the curves aio what would he expected, 
* or Reynolds 5 experiments on two smooth lend 
pipes a mean lino has been diawn which indi- 
cates a lowei resistance than that found in the 
National Physical Laboratory experiments, but 
the agreement is quite satisfactory a« regards 


l Uompte$ renting xxxvili 
rrc >c An (hi' (inn, 11)03, li 283 
4 * rM jraa , Him, xvii s»r> 
Revue Umv ties Mims, vlt 257 
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the ihaiactci of the cuive and the position 
of iho eutKiil point The most satisfactoiy 
(ompaimon, however, is possible with Sapk 
uul Sihodoi’s results, since the natuie of the 
sm faces m the two leseaiclios was probably 
identic al R Mill be semi that the two curves 
ftio n<MiIy eomeidi nt throughout the whole 
range of the experiments, and indicate a very 
satisfaetojy ugLeoment between the results of 
the two lescaichos For the compan&on m 
the cmso of an flow the amount of experimental 
data uvid.iblo was not large, and there arc 
some discrepancies which aio difficult to ac- 
count foi These, however, are confined to 
one soi ich of observations on a small pipe 
and may be due to an inaccuracy in the 
determination of its diameter For the larger 
pipes the agi cement is fan 

It Jms l>c til shown by IF C II Lees 1 that the 
ult) l ion between lty/ud and v d/p indicated by the 
tin vo m Fuj 12 may be expressed algebraically m 
the hum 

(p~ “ ° °° 0l) ) (?) ° ^ =0 0765 


H-“P 


[ oo K«0° 


v +0 0009w 2 


J 


ft may be lenuukul fiom the final expression foi 
R written above, that the frictional resistance will 
lor all velocities Ik approximately proportional to a 
powti of the velocity between the 165th and the 
2nd, and that ns the speed and diameter increase or 
the kuummtic viscosity decreases the law of variation 
of tlm Inchon will approximate more and moio 
clone ly to that of the square of the speed This is 
m agreement with the experimental lcsulis obtained 
in tiro 1 2b mil pipe refined to above It is shown 
by Lets tlmt if lor any reason a single powei formula 
foi the factional resistance is desired the most 
nt < mate value of % m the formula 


R-CV 1 


is given 


i'y 

„ =2- 20 7/ (.85+ (y) 


0 35 ^ 

J 


It is nine evident that as the resistance becomes 
tnoic and moio proportional to the square of the speed, 
dm to hick oho oi the chamt ter or velocity, the effect of 
c hat 1 go < >f temper atm 0 bee omos less impol Uni Thus 
it has be 011 obsc 1 v t d by Maw for water tlmt when the 
h sial mice \ancs ns the 1 8th jiowcr of the speed it 
d < 01 oases Ob per ant per degree centigrade, and 
when tlu HBislnnco varies as the I 9tli power it only 
dec leasts 0 25 per cent pa degree 

§ (3 8) The Accuracy qj tiie Index Law — 
The deter mmation in these experiments of the 
frjc tional resistance of a 1 255 -cm pipe when 
the velocity ranged fiom 22 cm per second, 
cm responding to the first commencement of 
eddying motion, to 3150 cm per second, made 
possible a chock, within these limits, of the 
accuiacy of the well-known index law of 
resistance duo to Reynolds and Froude 


1 Proc R $ , 1914, A, xci 


The results for the 1 255 - cm pipe were 
taken, and according to Reynolds’ method 
the logarithms of the faction and velocity 
fiom V — 4-Q to v = !00 cm pei second were 
eaiefnlly plotted The points so obtained 
were found to be on a stiaight line whose 
slope was 1 72 to 1 Assuming a law of 
resistance R=Ch n where n had this value, 0 
was determined from the low speed observa- 
tions used for the evaluation of n, and a senes 
of values of R were calculated up to a speed 
of 3200 cm 
per second 
Plotting these 
calculated 
values and 
those actually 
obtained in 
the experi- 
ments, the two 
curves m Fig 
14 weie ob- 
tained, fiom 
which it will be 
seen that by 
the use of the 
index law the 
resistance is 
underestimated by 5 per cent at 1000 cm per 
second, by 8 5 per cent at 2000 cm per second, 
and by 15 per cent at 3000 cm per second 

In older to show the manner of variation of 
n throughout the whole range of velocities 
obtained, the values of n were taken out by 
the Reynolds method at four different stages 
and were found to be 

Velocity per sec (cm ) 58 258 900 2250 

Value of n from plotting 172 177 I 82 192 

Similar results, showing a gradual met ease 
m the value of n as the velocity of flow in- 
creased, were obtained by the reduction of 
the observations for the 0 712 and 1 255 cm 
pipes, and it was, therefore, fully demon- 
strated that an index law foi surface friction 
cannot be devised which wall express the 
facts with high accuracy, except over a com- 
paratively small range m the value of vdjv 
The importance of a realisation of this fact 
when piedictmg the skm friction of large 
bodies moving m fluids from observations 
on small-scale models of them m the same 
fluid will he obvious 

§ (19) The Experimental Determination 
of the Frictional Resistance of Thin 
Platfs ( 1 ) Frovde's Experiments —As pre- 
viously mentioned (§ (16)), the results on the 
frictional resistance to the flow of fluids m 
pipes, plotted m Fig 12, are only applicable 
to cases m which the velocity of the fluid 
at a given distance from the boundary is 
constant over the whole length considered 
They are, therefore, not applicable to the 
prediction of the frictional resistance of any 



How of Water in Pipe 
1 255 Centimetres Diameter 

Fig U 




364 


FRICTION 


surface which includes that part of it over 
which the particles of fluid are being gradually 
retarded—? e the part m the neighbourhood 
of the leading edge of the surface such as, 
for example, the immersed surface of a ship 
For the prediction of the skin friction of 
ships special experiments aie necessaiy, and 
a laige senes of very mipoitant observations 


Recording pen 



was carried out by Mr William Froude m 
1872-74 1 These experiments were made in 
a water tank 278 feet long, 36 feet wide at 
the top, the depth of the water being 8 feet 
9 inches The hoards of which the f notional 
resistance was determined weie about /V-mch 
thick, 19 inches deep, the top edge bemg 
14 inches below the surface The length 
vaned from 1 foot 6 inches to 50 feet 
The experimental appaiatus (Fig 15) con 
sisted of a carnage running on rails fixed to 
the walls of the tank and capable of being 
drawn along at a uniform rate A parallel 
motion suspended fiom the carnage carries 
the board, which is provided with a load keel 
and a cut -water The frictional resistance 
of the hoard is taken by the spnng shown, 
the extension of which is magnified and trans- 
mitted to a recording drum on which a line 
is drawn whose distance fiom the base is pro- 


se that the abscissa of the pom il (i,u< is pm 
noitional to the distune* mmul through, and 
fiom a second iccoid ol time mtemih on 
the papei made by nuvuis of an dot Inc i lot k» 
the data fox calculating the variation ol mmhI 
ance with speed aio ua tillable 
In this way a series ol rectum o vt lot it v 
cut ves (Pig 16) wah obtained lui eat h length 
of board, and from those a sot or usmtame 
length cui vos (Fig 17) lor given speeds < mild 
be deduced In the Inst set of experiments 
the lattex cuives tint not pass through tlie 
origin, but above it, showing Unit the resist 
ance was not zoio lot /*eio length I Iiih win 
found to bo duo to the blindness of the how 
and stein of the bo<ud On shaping I tone In 
knife-edges it wan Immd that the mivn 
passed thiough the ougiu It was louiul, 
however, that the ouivoh were not si, might 
but at all speeds wore eononvo to the base 


Speed Length o) fUuiiU 

FIG 10 Put 17 

lme, indicating that the lesrslaneo did not 
vaiy as the length l>ut at a, loss late Tins 
result is duo to the fact that the portions of 
the suifaee down - ntioam from the leading 
edge ate m contact with water whose motion 
relative to them m loss than m the neigh 
bouihood of the leading edge, and the ft it troiul 
resistance el these portions is, therefore, leas 
than that of the other portions nearer the 
edge 

It was found that Lm a given plank the 
resistance varied as o n where n was ( mislaid 
for the particular plank, but in ddleienl 
planks depended on the length and ijimhlv 
of the surface Tlio value ol u jh found by 




Table I 


Length m feet 

2 


8 

20 

60 


n 

/ 

n 


» 

/ 

n 

/ 

Varnish 

2 00 

0 0041 

1 85 

0 0046 

1 85 

0 00303 

1 83 

0*0037 

Paraffin 

1 95 

0 00426 

1 94 

0 0036 

1 03 

0 00318 



Tinfoil 

2 16 

0 00208 

1 99 

0 00284 

1 00 

0 00331 

1 83 

0 00304 

Calico 

1 93 

0 0102 

1 92 

0 00754 

1 89 

0 00685 

1 87 

0*00030 

Fine sand 

200 

0 0090 

200 

0 00025 

20 

0 00631 

2 00 

0 1)0188 

Coarse sand 

2 00 

0 0110 

2 00 

0 00714 

20 

' 0 00588 


t 1 


portional to the resistance The drum is 
connected by gearing to the carriage-wheels 

1 British Association Reports, 1872-74 Sec also 
“ Skip Resistance/’ § (8) 


the Reynolds method of logarithmic plotting 
previously described Very approximately 
the results could bo expressed by the formula 
R=fSt; n , where S is the area qi tho immoiHod 
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suiface and v is the speed m feet pei second 
The value of / was found to depend on 

(1) The quality of the suifaco 

(2) The length of the surface 

(3) The tempoiatuio of the water 

(4) Hie density of the water 

The values of n and f deduced fiom tho 
cuives are given m Table I 

& (20) Estimation of the Friction of 
Plates from the Changes in Momentum of 
the Fluid passing over them — The experi- 
mental determination of tho factional resist- 
ance of the surfaces of tlnn plates immersed 
m a fluid by means of a dnect measmement 
of the amount of the tangential fence oxpcn- 
encod by the plate itself, as m the case of 
Fronde’s expenments, is attended with con- 
siderable difficulties which icndoi any aeeuiato 
investigation of the vernation of the intensity 
of the lesistaneo almost impossible Those 
are due to the smallness of the foico to be 
measured, the difficulty of obtaining a thm 
plate of the required rigidity, and the uncei- 
tamty of the large corrections which have to 
be made m taking account of tho resistances 
of tho supporting spindles For this reason 
considerable attention has been given to the 
possibility of an estimation of the frictional 
resistances from the changes m tho character- 
istics of the fluid which are the necessary 
effects of the forces exerted, u to the changes 
of momentum of its molecules One experi- 
mental method of this natuio has already 
been discussed m some detail m describing the 
common device for measuring the frictional 
resistance of the surface of a parallel channel 
fiom the fall of pressure of the fluid between 
two given points m its axis The essential 
feature of this method, however, is that it 
is only the changes m molecular momentum, 
or pi assure, which are measured, and that 
the molar momentum of the fluid entering and 
leaving the two sections is tho same This 
method is, therefoie, inapplicable, as has 
been previously mentioned, to any case m 
which the accelerations of tho fluid due to 
tho hist impingement of the streams agamst 
the solid body have not died out, and is, con 
sequontly, valueless for predictions of the 
factional resistance of air or water craft 

An extension of tho method to take into 
account the changes m molar momentum has 
recently been attempted m an investigation 
of the frictional resistance of tlnn plates 
m a current of air at tho National Physical 
Laboratory, and, as the results appear to ho 
promising, a brief description of the manner 
m which the problem has been attacked 
and the results obtained will he given 

In Fig 18 let 0 be the leading edge of the 
plate, OA the length whose frictional resistance 
is to be determined, OE and AD the traces of 


planes through O and A per pcndiculai to the 
direction of flow of the ait, and ED the trace 
of a piano parallel to the plate and at such a 
distance from it that the flow along ED is 
unaffected by the piosence of the plate Let 
V 0 bo the velocity of the an impinging on tho 
edge of the plate and supposed uniform over 



Fig 18 


OE, and lot V be the velocity of the an in 
any layei of tluckne&s dz parallel to the plate 
and distant % fiom O, i e m the section AD 
Then, considering the changes of momentum 
on tho layei of unit width perpendicular to the 
plane of tho papier passing though the section 
AD, wo have 

Change in molcculai momentum = (p - p Q )dz 
wheie p is the piessuio at AD 
Change m molai momentum = (mass passing 
through the extremity of tho layer m AD) 
(V 0 -V) = {pV(V 0 -V)irfj. 

Therefore the total change of momentum m 
the layer is 

IPo-F+pWo-pV^dz, ( 1 ) 

so that if R is the mean frictional lcsistance 
per unit area and we consider a skip of the 
plate of unit width peipen/hcular to the plane 
of the paper and % is the distance OA, we have 
for the frictional resistance of stiip 

rR= (2) 

J AO 

lienee if tho values of p 0 , p, and V 0 V for tho 
various layers are known tho value of tho 
factional resistance can be deter mined by 
graphical integration Now p and p 0 arc tho 
static pies&urcs of the fluid and a sepaiato 
determination of their values m even of then 
difference is a mattor of some experimental 
difficulty Tho expression (1) can, however, 
be tin own into a form suitable for experi- 
mental evaluation if written as follows 

*R = ( (Po + I/>V) - (J> + l/W*) 

(3) 

Hoie tho expression (p |- ]pV a ) is the total 
head of tho fluid and is the actual pressure 
which is maintained m a T?itot tube facing a 
current of fluid Tho determination of the 
&km friction is therefore seen to mvolvo the 
measurement of the differ once m pressure of 
tw r o Pitot tubes, one placed m the section OE 
and the other at various points m AD suc- 
cessively, together with the variation of tho 
velocity with distance from the surface at the 
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section AD A& the third term in (2) is 
relatively small, the acruracj required m the 
detcimmation of V is not high 

In the practical application of the above 
formula, it should be noted that one essential 
condition is that the reduction m the value 
of the total head ( p+]pV 2 ) of the air pass- 
ing the plate should be entirely due to the 
fnctional resistance of the plate and not 
effected by the piesence of the walls of the 
wind channel m which the plate is suspended 
In all experimental determmations, therefoie, 
the plate should be lemoved and a measure- 
ment made of the fall, if any, m the value 
of the total head, by noting the chffeience in 
the pie&sures of the two Pitot tubes If any 
difference is found to exist, this must be used 
as a correction to the subsequent readings 
when the plate is in position 

In the expenments at the National Physical 
Laboratory a pair of fine Pitot tubes were 
attached to the arm of a rocking-lever in such 
a position that their axes were m the same 
straight line parallel to the axis of the plate 
The locking-lever was operated by a micro - 
metei screw so that the distance of the Pitot 
tube axis could be set to any desired position 
The position of the leading tube was 2 mches 
in front of the leading edge of the plate and 
that of the back tube 2 mches behind the 
back edge of the plate 

Readings of the pressure differences m the 
tubes and the difference m pressure between the 
back tube and the static pressure of the fluid 
at the back tube were taken at successive 
intervals of 025 inch from the surface of 
the plate up to the distance at which the 
differences m pressure were negligible, i e the 
total pressure head of the air flowing past the 
plate was unaffected by the presence of 
the plate The differences m the values of 
the total heads and of |p(V 0 — V) 2 weie then 
plotted on a distance base and the areas of 
the resulting cuives determined by a plam- 
rnetei The values of the above mtegrals 
multiplied by the width of the plate b are 
given m Table II , m which are also tabulated 


Tt will be seen that ID 1 ' i vaults given In I ho 
method described die pi ubahl\ m good ngiei - 
ment with the results <>f direct weighings, 
when consideration is taken into an omit <d 
the falling off m iesistanc o at the long edges 
of the plate 

A research on the dintubutum of iiio in- 
tensity of skin friction is ui piogicss at the 
National Physical Labointoiy The results 
obtained show that the “ wake 11 elles ( in skin 
friction is much smaller than has m out lv hi c it 
supposed, and in this icspec 1- tend to ague omul, 
with the older expci mi exits oi W Ft nude 

$ (21) Efpjbot op Ctjkv vtukh ni< *S u n i* \<ts 
on FEionoNAL Resist vn< ill - It may be 
lemarkcd that the exptu imonts ol which (ho 
results ate plotted m Fir/ 12 woie all made on 
stiaight lengths of pipe, and that them is no mo 
evidence that curva/tuio ol the streams in 
the chicction of flow lias a marked effect both 
on tho value of (lie critical veined y and (be 
law of resistance with speed alter tho (ideal 
velocity has been exceeded This oiled war 
apparently found m Gxmdloy and (bbson’s 
experiments on a long length of pipe 0 32 < m 
mternal diameter which was coded mum l a 
dium of 36 cm diameter* Iu these ospoit. 
ments the critical velocity was found (o he as 
low xs 00 cm pci second, conesponding (o 
a value of wljv of about 130 Km velocities 
between 60 and 1200 cm pei second the law 
of frictional resistance was ol tho form 

R=0 1 25 

It may bo remarked that oven at the highest 
speed attained m these experiments tho Ley- 
nolds criterion vdjv =2000 was not al turn'd, 
so that it is quite possible that m tho ovoid of 
observations at still higher speeds being made 
the results would have agreed with that pmt 
of the curve of Fiq 12 above the cube id 
It is possible, of oouiso, that the ti lie value 
of the critical speed found in these experiments 
might bo due to other causes than tho curva- 
ture ol the pipo, but m view oi (he mammy 
in the reduction of the value oi the < oefln lent 
ol viscosity toi air from tho observations them 


Table II 


Wind Speed 

(1) 

ifjto*- 1 IpV o~) 

-(V + lpV~)}dz 
m Dj nes 

(2) 

o-vm 

m Dynes 

(1), (2) 

! Measmed Ip Hinl.im e 

Ft -sec 

Dynes 

of IMufe hv 

Dtimt Weighing 

30 

1390 

90 

1300 

1 100 

50 

3980 

I 

310 

3670 

3470 


the measured resistances of the plate when 
attached to a sensitive balance arm and 
weighed directly 


is a strong probability that such was the* real 
cause of the effect noted 
An interesting series of experiments dhm- 
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tiatmg the effect of curvature of parallel 
bo undaiies hav e been made by M i A Mallock 1 
In these experiments the fluid was placed 
in the annular space between two concentiio 
cylinders, one of which revolved, the other 
being stationary The f notional resistance 
of the surface was measured hy measuring 
the moment on the stationary cylinder which 
could be cither the inner oi the outer one 
Three distinct sets of conditions weio tiled, 
i e (1) outei cylinder revolving, inner cylmdci 
stationary , (2) inner cylinder revolving, outei 
cylinder stationary , ( 1) repetition of series 
(1) ivith an annulus of different width 

The arrangement of the apparatus for tho 
tests on senes (1) is shown m Fig 19 

The mnei cylinder A is suspended by a 
torsion ivne attached by a gimbal nng to the 
shaft B, which car lies a 
divided cnele lead by a 
telescope T E is the 
outer cylinder earned on 
the shaft F, which is 
dnven by a motor pro- 
vided with a speed regu- 
lator A is filled with 
water and E is water 
jacketed, tho temperatures 
of both being observed 
and the temperature of 
the fluid m tho annulus 
taken as the mean of 
these Tho c yhnder A 
has its floor about half an 
inch from the lower edge 
of the wall, and tho space 
so formed is filled with 
air Further, by means 
of a ring of the same 
diameter as A fixed to tho 
cylinder, and by filling the 
annular space between the ring and cylinder 
with mercury, there is comparatively no drag 
on the water m the annulus due to the bottom 
of tho outer cylinder 

In the case of the first series of experiments, 
with the outer cylinder revolving and tho mnei 
one stationary, the results were similar to those 
obtained m straight pipes, i e tho friction was 
proportional to the speed up to a certain 
critical velocity, at which the motion biokc 
down and steady leadings of the friction were 
impossible to obtain, the conditions becoming 
steady again at higher values of the speed 
This is shown m Fig 20 The results, liow r ovcr, 
differed fundamentally from those obtained 
m straight pipes in that 

(a) The critical velocity was not proportional 
to the yalue of the coefficient of viscosity, i e 
its value did not conform to the theoretical 
condition v c ljv constant 

Thus, comparing the results obtained with 
1 Phil Trans Hoy Soc , 1890, p 14 



water at 50° (J and 0° ( 1 , the viscosity of 
water at 50° 0 is only one third of its value 
at 0° 0 , and it would be supposed thcicioie 
that the critical velocity at b0° would be 
one-tliud of its value 
at 0° It was found, 
howevoi, that insta- 
bility began at the ® 
f oi mei tom poi atu i o § 
at a speed only 11 a 
oi 12 per cent less 
than at the hitter 
(b) It was found, 
that at speeds above 
the cntical tho fric- 
tional resistance 
Vdi led as a power 
of tho speed of tho 
order of 2 4, whcieas m Reynolds’ and 
Fioudo’s experiments with flat boards and 
pipes the exponent was about I 8 

Values of tho coefliuent of viscosity deduced 
from tho low-speed experiments m senes (1) 
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woie found to bo consistently higher than tho 
tiuo values The experiments of senes (3), in 
which tho width oi tho annulus was only halt 
an meb, gave values of /c, which woio nearer 
to the truo value Previous experiments hy 
All Mallock, by the 
same method but m 
which tho distance 
was only about J in , 
gave values oi ^ 2 
closely approximating .§ 
to tho truo value, so § 
that there is no doubt £ 
that tho discrepancy 
is clue to the thickness 
of the annulus The 
rosults are shown m 
Fig 21 

In the experiments 
with tho inner cylin- 
der revolving and the 
outer cylmdei fixed, the motion was essentially 
unstable at all speeds, and no value of tho co- 
efficient of viscosity could lie dedueod Tho 
results from this method are shown in Fig 22, 
and inchoate that the conditions of flow approxi- 
mate more closely to the eddying flow oi fluid 
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m straight pipes m that the friction vanes as 
a power of the speed of about 1 8, and the 
measured value of the resistance per unit aiea 
at 10 feet per second was loughly that obtained 
by Mi Froude m Ins experiments on jflanks 

§ (22) Possibility oi* an Increase in 
Resistance caused by 4. Reduction in 
Viscosity — In the piactical application of 
the results of the expenments embodied in 
the curve of Fig 12, it must be remembered 
that there was one important condition which 
was fulfilled m every case, which was that 
the observations were not taken until the 
distribution of speed acioss the section of the 
pipes had become uniform, i e all accelera- 
tions parallel to the axis of the pipes had 
ceased It was found by trial that this 
condition was not fulfilled until a distance 
along the pipe from tlie inlet of about 100 
diameters was attained The results of the 
experiments are thciefoie not applicable to 
the prediction of the intensity of surface 
friction of the part of the tube m the neighbour- 
hood of the mlet, when the layers of fluid m 
the neighbourhood of the surface aie gradually 
i educed m speed owing to the f notional drag 
of the surface 

Fuither, although it might be expected 
that, m the case of solid suifacos of shapes 
othei than those of parallel channels, the 
phases of flow would couespond with those 
obseived in pipes, i e there would be a phase 
of streamline flow m winch the resistance 
would vary as the first power of the relative 
speod, a critical velocity at which this form 
of flow would bicak down and a subsequent 
condition of tuibulent motion m which the 
resistance would vary approximately as the 
square of the speed, it cannot he assumed that 
the form of the resistance cm ve will be similar 
to that of Fig 12 Foi example, throughout 
the whole range of the turbulent motion 
coveied m Fig 12 the value of R /pv & falls 
continuously as vd/v mci eases Suppose this 

increase is due to an mcieaso m v from tq to v 2 , 
v remaining constant Then it is cleai that 
R,/R x increases at a less rato than 
or R 2 /Ri = (^a/ ?; i) n » where n is less than 2 
Suppose, on the othei hand, that the mciease 
m vdjv takes place by a reduction m the 
valuo of v fiom v x to v i3 v remaining constant 
Then evidently R 2 is less than R A and we 
conclude that throughout the whole range of 
turbulence covered m Fig 12 a reduction 
in viscosity is accompanied by a reduction 
m frictional resistance Veiy conclusive 
evidence has, however, been found that m 
some cases of the resistances of bodies 
immersed m fluids the value of 'R/pv 2 increases 
with increase of vd/v It is evident that, m 
such cases, since the increase m vd/v may 
take place by a reduction m the value of v, 
v remaining constant, and therefore R 2 being 


numencally gieatei than R t , a i eduction in 
viscosity will be accompanied by an vinca , sc m 
the frictional resistance Fiu tlici , since m sue h 
cases R 2 /Ri : =(^/^i)”j wheio n is gieatei than 2, 
the critenon of such an eftcct will be a resist 
ance varying as a powei of tfio speed gieatei 
than 2 The following are some examples 
(a) Ffuticm in Smooth Pipe s — As was 
mentioned m the dcseuption of Reynolds’ 
experiments, it is usually found that ovoi tho 
region mtei mediate between turbulent and 
steady motion the faction conditions aio so 
unsteady that consistent leadings at any 
given speod axe impossible In some obseiva 
tions with a small pipe of J m diamctei at the 
National Physical Laboratory m 1013, it was 
found, however, that the change from stioam 
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PIG 23 

line to eddy motion took plaeo very gradually, 
and that it was possible to obtain a senes ol 
consistent readings oi luctiou and speed ovei 
the range of speed between tho two conditions 
of motion The insults aio plotted m Fig 23, 
m winch tho ordinates aio tho losses of head 
m feet of water over tho fixed length of pipe 
under observation and the abscissae ate the 
corresponding values of tho disc hat go m 
gallons per second, ic tho curve shows the 
variation of tho surface faction with the 
speed of flow Tn tho lower curve is shown 
the value of n m the relation R ~-lo n obtained 
from the upper cmvo, m tho ordinary maimer 
by logarithmic plotting It will bo soon that 
at very small values of tho veloc ity tho fuel ion 
is proportional to tho spoed, find that at high 
speeds it vanes nearly as the square of the 
speed Between these points indicated by AB 
and CD m Fa 7 23 is ihe section BO repic- 
sentmg the flow at intermediate stages of 
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tiubulence, wheie, as shown by llio lowci 
curve, the resistance vanes as a power of the 
speed which may be as high as 3 5 This 
evidence confirms the geneial lehability o± the 
poition of the curve in Fig 12 m the neigli- 
bouihood of the critical point 
(b) The Resistance of Spheres — At very 
small velocities the total resistance of a 
sphere is given by Stokes’ foimula, 

R « F 

P vV~~vr 

where l is the chametor of the spheie 
and v its velocity relative to the fluid at a 
great distance away from it Experiments at 
higher values of vlfv have boon made by M 
Eiffel 1 m a wind channel and by Mi Rhake- 
speaie 2 by dropping weighted spheres down a 
tower and observing the terminal velocity 
Mr Shakespeare states that over the range of 
his experiments the resistance increases moio 
lapidly than the square of tlio speed and moio 
rapidly than the square of the diameter 
The experimental results are shown plotted 
m Fig 24, which, it will be seen, bears a 
marked resemblance to that for resistance 
m pipes with the exception that the pait 
conespondmg with values of n greater than 2 
occupies a greater proportion of the whole 
experimental range The pait of the cuive 



JK (Fig 24) corresponds with the conti o 
poition of Fkj 12 

(0 The Resistance of Cylinders — This sub 
ject has received consideiable attention owing 
to the importance of a knowledge of the 
resistance of wnes m an craft rigging A 
very full account of the experiments will ho 
found m the Report of the Aduisory Committee 
for Aeronautics, 1912-13, p 326, and m Fig 
25 the mean curve of the results is reproduced 
It will be seen that that part of the curve 
over which R//n? 2 Z s increases with the value 
of vljv , thus indicating a diminution of 

1 La Resistance de l* Air 

2 Brit Ass Rep , 1913 


iosistance with mciease of viscosity, ib now a 
laige fraction of the whole uuve, and consti 
tutos pei liaps the most important evidence 
of the cheat 

It would appeal, thcrefoie, that the oxist 
once of paiticulai states of flow m fluids, in 
which an increase m viscosity is accompanied 
by a reduction m resistance, lias been fully 
demonstrated Tlio precise explanation of 
the phenomenon is not dear, but theie 
is a strong probability that the mciease m 
viscosity has tlio olloct of lcducmg paitial 
and alieady existing tuibulcnco, and thus 



Tig 25 


piocuung a i eversion to the conditions of 
stieamhno flow 

§ (23) Dirj^t Measurement oe Frictional 
Resist ance i-rom Velocity Slope at the 
Boundary — Fiom the piecedmg discussion 
of the practical methods which can bo used 
foi the moasuioment of skin f notion m 
tuibulent motion, it will be seen that any 
accuidto detei mmation of the intensity of 
bkm friction on a small aiea ot a surface 
ovei which the vanation is consideiablo is a 
matter of considerable chlheulty if not 
altogether impossible Up to the present, 
success in the measuiement of skm faction 
lias only been attained m those cases in 
which tlio accelerations of tho fluid in the 
direction of flow have died out, such as tho 
flow of fluids nr long pipes Unfortunately 
the problems of skm taction, which are of tlio 
gieatest impoitanco m piaotice, such as the 
detei mmation of tho factional resistance of 
ships and ancrait, are those m which the 
velocity ot the fluid is continually changing, 
and it cloos not appear that tho solution of 
these problems can bo hoped lor unless tho 
conditions at the boundary of a fluid m turbu- 
lent motion arc known, and scvoial attempts 
to investigate these conditions have recently 
been made Such advances as have been 
made m tho knowledge of tho boundary 
conditions of a fluid m turbulent motion 
have been obtamod, as would bo expected, 
from a study of tho conditions of flow m 
parallel pipes In such flow it is generally 
accepted that when tho speed is below tlio 
critical, the layer of fluid m contact with 
the boundary is at rest relative to it, as any 
slipping of finite amount would be detected 
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in a vanation irom the Poiseuille law of the 
relationship between the chametei of a pipe 
and the time of efflux of a given volume of 
fluid At speeds above the critical, obsoiva 
tions near the walls have shown that the 
mean velocity falls rapidly as the solid 
bounding suiface is approached, and it has 
been suggested that at the walls theio may 
exist a thm layer m wluch the flow is laminar 
m character m which case, if thcie is no 
slipping, the f notional resistance would be 
determined fiom the slope of the velocity 
cuive m the surface layer and the coefficient 
of viscosity of the fluid Several attempts 
have been made at the National Physical 
Laboratory to obtain evidence as to the 
truth of tins assumption, and a series of experi- 
ments w r ere earned out in 1920, 1 the icsults 
of which afford strong evidence that such a 
layer exists The method adopted was to 
set up a condition of turbulent fluid motion 
ovei a surface of w hich the frictional resistance 
could he accurately determined and to measure, 
by means of a very fine Pitot tube, the velocity 
of the fluid at a point as near the wall as 
possible The difficulties of using a Pitot 
tube under such conditions weie (a) that the 
pressure indications of the Pitot tube might 
be considerably affected by an interference m * 
the flow in the neighbouihood of the boundary 
due to the presence of the tube itself , and 
(b) that when such a tube was placed m a 
current of fluid in which the variation of 
velocity across the mouth of the tube was very 
great (amountmg in the extreme cases when 
the tube touched the walls to several hundred 
per cent of the mean speed), it was by no means 
certain that the value of the speed deduced 
from the pressure m the Pitot tube would be 
the actual speed at the geometrical centre of 
the tube The Pitot tube, which was finally 
adopted for the work, was one of which the 
external dimensions at the onflee weie 
01x08 mm and the internal dimensions 
0 Oo x 0 75 mm This was set up in a pipe 
of 0 714 cm diameter, through which a current 
of air was passed by means of a centrifugal 
fan, and observations of the Pitot tube piessure 
were taken over as wide a range in the mean 
rate of flow through the pipe as possible 
At the same time the corresponding slopes of 
the static pressure gradient down the pipe 
were accurately determined From the latter 
measurements the values of the surface 
faction of the walls for different rates of flow 
were calculated The Pitot tube observations 
were then repeated for other distances of the 
tube from the walls For each distance a 
curve of speed variation with surface friction 
was plotted, and from these cmves it was 
possible to scale off, for any given value of the 
surface friction, the speeds corresponding to 
1 Proc Hoy Soc A, xcvn 418 


the difteient distant es of the Pilot) tube hum 
the walls and so plot a cuivo Hlnmmg the 
variation ol speed with position oi Pilot 
tube These cuives aio shown in Fig 2b 
In the same figure aio shown in dolled lines 
the velocity slopes whit h would oxint at the 
boundary if the flow weie lanun u Tin so 
aio calculated horn tho known ludional 



resistances and tho values of tho eoelheient 
of viscosity f oi an 

To show the lelalion between surface 
fi lotion and the speed at a point net u the well, 
the corresponding observations weie reduced 
by tho Reynolds method of logmilbmie 
plotting pioviously described, hh shown in 
Fig 27 These plottings show that the 
relation between surface friction and speed 
at a point is of tho same form ns for sedate 
friction and mean flow, i c It (V rt , but 
that tho value of n diminishes as tho boundar y 



is approached until when tho goometnuil 
centie of the Pitot tube is 075 mm from (be 
wall the value of n is 110 rt would appear, 
therefore, that at tins distance tho eddy 
motion has nearly disappeared 
On examining the cuives m Pig 20, and 
assuming tho ctrors mentioned under (a) and 
(b) above are negligible, tho following char 
actenstics will be noted 
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(O The slopes of the tangents to tho velocity 
curves at distances ot 075 mm and above 
fiom the walla aie veiy much srnalloi than 
would be the case if the flow weie lanunat 
at these distances from the wall 
(d) The speeds calculated from the observa- 
tions at a (Usance oi 075 mm and less fiom 
tho walls are appieciably lnghei than would 
exist m laminar flow with tho mcasuied 
surface f notion For example, with a fne 
tional icsistance of 10 dynes pci sq cm tho 
calculated speed at 075 cm fiom tho walls 
was 795 cm j>ei second In laimnai flow 
with this value of the surface f notion tho 
speed would be 443 cm pet second 
It appealed, theiefoie, that if m these 
expemnents it could lie assumed that tho 
speed indicated by the Pitot tube v as the speed 
of the fJuid at its geometrical centre the stieam- 
lme motion, il it existed, was confined to a 
legion of less than 05 mm fiom the boundaiy, 
and, fui ther, the observations weio not 
inconsistent with a finite amount of slip at 
the boundaiy It was evident, thcrefoie, 
that the proof of the existence ox otherwise of 
stxoamline mofion at the boundaiy would 
involve a much closer exploiation of this 
legion than had hitherto been possible As 
any further reduction m the cioss dimensions 
of tho Pitot tube would have rendered it 
unworkable, a modification of the shape of tho 
tube was considered, and it was decided to try 
experiments with a tube m which its boundaiy 
adjacent to the wall of the pipe w r as removed 
and its place taken by the wall of the pipe 
itself This modification is shown in Fig 28 
As the space occu- 
pied by this tube 
was considerably 
less than m the 
four walled ono, it 
was decided to fit a 
Pitot tube of this 
form to a pipe of 
0 25 cm diameter 
The reason for 
choosing such a 
small pipe was that 
the critical velocity 
m it would lie so 
high that it would 
he possible to take a senes of observations 
at about 0 1 mm from the wall at speeds 
of flow below the critical, in which cases the 
actual distnbution of velocity across the lube 
was known to be parabolic, and compare these 
values with those deduced from the Pitot tube 
i eadings In this way the relation between the 
geometrical centre of the Pitot tube and its 
effective centre could be determined, and the 
possibilities of error pointed out m (a) and (6) 
above would be avoided 

A series of tests were accordingly made at 


a given ■value of the mean late of flow below 
the cntical, and at difleient distances ot tho 
gcometmal cenfie of the modified Pitot tube 
fiom tho wall Fiom tho equation of tho 
distribution of velocitv in stieamlmo flow 
?;-=V c (l the values of i weio calculated 

for each value of v calculated fiom tho ob 
nervations 

Points weio then plotted whoso oidmatcs 
weio tho values of (a-i) and whose abRci&sae 
were the eonosponding distances of tho geo- 
metrical centre ot the Pitot tube fiom the wall 

This process was repeated for different 
values of the mean flow all below the cntical 
value, and the mean curve through all tho 
plotted points was taken to bo tiro calibration 
curve for tho Pitot tube This curve is shown 
in Fig 29 It will be seen that for openings 



of the Pitot tube of the or dor of 0 3 mm 
tho assumption that the calculated speed is 
that which exists at the geometrical centre of 
tho onfice is not gicatly in erroi, but that when 
the opening is of the order of 0 075 mm the 
interference with the flow is so considerable 
that tho calculated speed is that which exists 
at the edge oJ the Pitot tube fuithor fiom the 
wall 

A senes of observations were then maclo all 
at a speed above the critical and with tho 
centre of tho tube at different distances from 
the wall Tho speeds calculated from these 
observations are shown plotted in two methods 
m Fig 30 On the left-hand side oi tho hgui e 
the abseissao of tho points are the distances of 
the centre of the Pitot tribe Jrom the wall, and 
on the nght-hand side tho abscissae are the 
“ effective distances ” as scaled off from the 
calibration curve of Fig 29 Assuming that 
this calibration curve can bo applied to con- 
ditions of flow above the critical, which seems 
reasonable m view of the fact that tho amount 
of turbulence at the distances m question 
must from tho evidence of Fig 27 bo very 
small, tho curves on the right of Fig 30 show 
the velocity distnbution near tho wall when 
the readings of the Pitot tube are corrected 
for interference 
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It will be seen that the effect of the conec 
tion for mterfeience is that at distances of 
the order of 0 05 from the wall the slopes of 
the velocity cmves approximate fauly closely 
to the values which would exist in lammai 
flow Furthei, there is no indication of the 
existence of any slip at the boundary The 
conclusion was, therefore, that veiy definite 
evidence had been found of the existence at 
the boundary of a fluid m turbulent flow, of 
a finite layer of fluid m lammai motion and 
having zero velocity at the boundary This 
evidence was supported by similar obseivations 
made on a large pipe of 12 7 cm diameter, 
and very large rates of flow, and, although a 
ngid demonstration was out of the question, 


and, since ail the teims on tbo light ii md mlo 
are supposed known, R t is deter nu mt bio li, 

theiefoic, the linear dimensions ol K t aio null 
that no experiment loi the puiposcxs ol cstim.it- 
mg its resistance can bo made upon it, the 
comparison made above opeus up a possibility 
of predicting Hus ic&istanco from an evpcn- 
mentonasmall acalomodcl of ltm a Uboi doiy 
In piactico the use of this method is limit t d 
bv the fact that the necessary conditions 
to bo fulfilled m the model tost aio nearly 
always impossible to realise For example, it 
it is required to pi edict the lOHistnnco ol an 
aiislup 200 feet long at 1)0 feet per him and and 
a model of the ship to a scale of t 'o is available 
for the experiments, then supposing the test to 
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bo made in an, wo lm\e 
rq “ -10/j, and theio- 
foio iq — 10/q 000 loot per 

second, a condition winch 
could not 1)0 realist <1 in 
a labor atoiy oxpeiimcnt 
Suppose, however, the 
experiment he nude 
m watot Then we luwo 
rq — l.hq, / t 10/,, and 
smeo v l ljv i vjjv it we 
have tq~ 10 feet pci 
second This condition, 
again, is one winch could 
hardly bo realised m water 
tanks with submeiged 
models, but it will ho 
clear tli at Iho possibilities 
of a prediction me gieaily 
men eased, 11 we could 


Tin 30 


obtain a Hind whose 


there seemed no reason to doubt that m turbu- 
lent motion the boundary condition is given 

by 

Ltx ^ =, % = ^ 

§ (24) The Prediction op the Resist- 
ance op Bodies moving in Fluids, prom 
Experiments on Scale Models op them 
(i ) General Qomidf>rations — From the expres- 
sion for the resistance of a body moving m 
a fluid at speeds below the velocity of sound 
m the fluid Ri = /)iV 1 2 Z l 2 F(r; 1 Z 1 /z/ 1 ), it is obvious 
that the resistance of a body of given shape 
moving m a fluid of density and kinematic 
viscosity p v jq at a speed v 1 may be predicted 
from the measured resistance of a scale model 
of the body S 2 moving m a fluid of density 
and kinematic viscosity p 2i v 2 at a speed v 2> pro 
vided that l Zi v,>, and v 2 are all chosen so that 

^2^2 

~~rq ’ 

for then 


kinematic viHeomty was 
only 1 per cent of that ol an, tbo model tent 
could bo made at a speed of fi feed pet 
second and the prediction could probably he 
made 

Unfoi tunately no such fluid is available, ho 
that a du rot solution of the problem Is not 
to bo hoped ioi The unpoitimeo ol si ale 
modol tests, however, is not thereby negative d, 
since a study of the variation in the value 
of R /pv* ovei the lange in which stale model 
tests are possible often mulct h invaluable 
help m the prediction of the maaniei m which 
it will probably vary outside this range 
This will bo scon fiom a study of the cmves 
of variation of E /pv* with vl/v m Fv/s 12, 21, 
and 25 In each of thoso eases it will lie seen 
that for high values of vl/v, which mo those ol 
practical importance, the curve appears to be 
tending to a definite limiting value, which may 
bo used, with probably fan aoourac y, as a 
basis of prediction m design 

(n ) Ship Resistance One of tbo most 
important applications of model experiments 
is the piediction of the resistance of ships, smee 
1 See “Ship Resistance, 0 & ( 4 ) 
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it i& of fundamental importance to know 
at what speed a ship of given lines will bo 
piopollcd by engines of a given hoi so powei, 
and also to have some reliable means of 
estimating tlie benefit which may be denved 
fiom a change of lines The problem of the 
prediction of ship’s lesistance is however, 
complicated by the fact that a considciable 
piopoition of the total resistance of a ship 
may he clue to the formation of waves on the 
surface of the sea and that tins component 
cannot he estimated by the application of 
the law of companion vl/v = constant A law 
of comparison for both faction and wave 
making may be cleaved by the ordinary 
dimensional reasoning, romcmbeimg that, m 
addition to the velocitv, density, and viscosity 
of the fluid, and the linear chmen&rnns of the 
solid, the acceleration of giavity must also be 
taken into account, i e wo have 


R — ll a p h v c p a g 6 

a) 

oi the dimensional equation 


1 1 

L_J 

11 

a 

© 

hT? 

v ^ 

i '(£)'■<*> 

fiomwkuh 6 = 1 \ 


r + <? + 2e=2 l 

(3) 

a- 3& + r + 2d + e-=l J 



or 6 = 1 a=2~cl-{- e, c~2~ cl -2e, 

from which 

R =U*-d\ep V 2-<l-Z6 v dge 



or R = ^F(J f) (4) 

In older, therefore, that the total lesistance 
of a ship may be accurately predicted from 
tire measured resistance of a scale model of 
it, tlie following relations must hold 


v N j 
¥" L(7 1 


wheio the capital letters refer to the ship and 
the fluid m wlucli it is immersed and the 
small letters to the model and tlie fluid m 
which it is towed The condition is therefore 
N/r = VL/t>Z = (L/Z)- 

Assummg L/Z = 25, it would be essential, 
for the condition to bo fulfilled, that the 
model should be towed m a fluid whoso 
kinematic viscosity is less than 1 per cent of 
that of sea-water, which, of course, cannot he 
realised For this icason the method adopted 
in practice is to separate the wave-making 
resistance from the frictional lesistance in the 
fallowing manner It is clear from equation 


(4) that if friction ho neglected tlie wave- 
makmg resistance of a ship is given by 

1 

If, therefore, wo determine the wave-making 
lesistance r w of a scale model of a ship uiidei 
the condition that tho quantity gl/v 2 is the 
same ±oi the ship and the model, we have 


i w vH 2 ft 9 


(6) 


% g the wave making resistances of ship and 
model aie in the ratio of tho respective dis- 
placements The procedure adopted is to 
cany out a test m a water -tank of a scale model 
of the ship at a speed given by v 2 Jl — V 2 /L 
and determine its total resistance r By 
means of tables of fnctional resistances based 


on Fioude’s tests on the fnctional resistance 


of thm planks the value of the factional 
resistance i f of the model at a speed v is 
calculated and wo then have i w —i - r f The 
wave making resistance of the full-sized ship 
is them given by equation (G) 





The fnctional resistance of the ship is then 
calculated fiom tho available data and its 
value By is added to R ?i) to make up tho total 
resistance of tho ship 

The olpoction to the use of data obtained 
from experiments on thm plates, for the 
calculation of tho skin faction of ships, will 
he obvious from the consideration that the 
distributions of the fluid motion m the two 
oases are widely different This is particularly 
marked m tho ease of the ship’s stein owing 
to the marked tendency of tho streams after 
passing the midship section to sepaiate iiom 
the lines of the ship, leaving a wake of eddies 
at tho stein moving at comparatively low speed 
This effect is well biought out m tlie photo- 
graphs shown m Fig 31 Thcso photographs 
represent the flow of water round small model 
balloons of varying fineness of tail In order 
to render visible the flow m tho region of the 
tail the model was given a thin coating of 
colour which would gradually dissolve av ay 
as tho water flowed past and by tho extent of 
its admixture with tho water str earns would 
give an indication of the motion It will he 
seen that m each case tlieio is a dead water 
region at the tail, the extent of which mci eases 
with the bluntnoss of the tail, and since it also 
increases with the speed of flow, it is piobable 
that the region will bo largo even m the case 
of a fine-tailed balloon of normal size and at 
normal speed Corresponding effects will take 
place m the case of a ship unless the lines 
are particularly fine 

§ (25) The Estimation on the Friction 
of the Tides — From the curve of Fig 12 
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it will be seen that foi very high values of 
vl/v the value of ~R/pv 2 tends to a definite 
limit whose value is not fai lemoved fiom 
002 It would appeal fiom this that in the 
case of riveis and canals an approximate 
estimate of the f notional resistance to flow r 
may be made by assuming that the fnctional 
resistance of the bottom is equal to 002 pv z 
An interesting calculation has lecently been 
made by Mr G I Tayloi 1 which indicates 
that this value may also be applied to the 
frictional resistance caused by the movement 
of the tides over the bottom of the sea 
f i ictionol iGSist£iriCG T^ci 1 unit/ 



Direction of Flow 
Fig 31 


area to be grven by Jcpv 2 , the eneigy dis 
sipated per square centimetie pei second is 
lpv z Now the tidal stream at any time t 
after it has attained its maximum velocity 
may he taken roughly as v~Y cos 2irt/T > 
where V is the maximum tidal stream and T 
is the semidiurnal tidal period of 12 lira 25 
mins The average rate of dissipation of 
energy over each square centimetie is, there- 
fore, equal to the mean value of LpY Q eo3 J 2irt/ T 
Applying this to the case of the Irish Sea, 
taking V = 2} knots, Mi Tayloi finds that 
the mean rate of dissipation of energy is 
Tc x 650,000 ergs per sq cm per second By 
an independent calculation of the rate at which 
energy flows into the Irish Sea, Mi Tayloi 
shows that it is possible to find the approxi- 
mate value of / Taking the southern entrance 

1 “ Tidal Friction m tlie Irish Sea,” Phil Trans 
Royal Society , cexx 1 


to the lush Sea between Aiklmv and Ruthuy 
Island, fiom the known data ot the depth ol 
the channel, strength of the tuund, mid 
range of tide m mid channel, the moan into 
at which eneigy is transmitted at toss this 
section is 0 4 < 10 17 cigs pci second Iho 
flow through the Noitli Channel is shown to l>o 
negligible compaicd with this value In 
ordei to ariive at the loss of oncig) by h rclioiial 
drag it is necessai y to suhtiatt the woik done 
against the moon’s atti action by the water 
This is estimated by Mi Tayloi to be 110 
ergs pet sq cm pei second Taking the area 
of the Irish Sea to bo 3 <) x 1() M sq cm the 
eneigy tiinsimtted is 10*10 tugs pot sq tin 
per second, and subti acting the 110 due to 
the woik done against the moon’s attiaction, 
we Inn c 1530 eigs pci s(j tin, pei second 
Fquatmg this to tho abovo value obtained 
fiom the fnctional lesistance 050,000/, wo 
have l =002*1 Tins is m good agreement 
with tho limiting values of k given by the 
cuives of F? / 12 

§ (20) Tub Friction of the Wind on the 
Earth’s Sitrfxcb — Assuming that tho skin 
friction of the wind on unit aiea of (he emth’s 
suiface can bo expiessed m the hum F /pQ# 3 
wheio Q e is the velocity oi tho wind near the 
suiface of the ground, tho value of k has lu on 
calculated by Mr G 1 Taylor 2 horn his 
theory of eddy motion and tor tain met am o 
logical data obtained at Salisbury Plain 
Refeumg to the sketch of this theory given 
m § (13) above, it will be seen that ll b\ and 
aie the components of the fi return ol the 
wind along axes parallel and perpendicular to 
straight isobais and u and v the components 
of the wind paiallol to these axes, then 


»•-/* 


,d 2 n 1 


■r:i . 

and F„ 


-‘'[21.-. <" 


where fjf is the coefficient of eddy viscosity 
The total slan friction is evidently 

r= n/j-yh jy 

Now fiom the equations of (* (13) it follows 
that 

P ^ n ~\ _ 2 tan^ a 
\_dz I tan 2 a 

rdvn _ j&taii a a 

IF tan 2 a 

and hence 


«.y*) 

if 7r I a I ' 


( 2 ) 


% 


Hi 


o r\ t 7 ? ~! a 

=2g Qq sin a j j , 


<:>) 


so that if, following the ordinary convention, 
we write F = wo have 

F 2g. f 7r H" ft Q/, 

km Ar' n ' \ v • (1) 

a “ Skin Faction of the Wind on the Faith's Hui- 
face,” Proc R S A, D, cxxxvil i06, 
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Fiom the data furnished by Mi Dobson’s 
experiments on Sahsbuiy Finn 


Wind 

F 

a 

Hi 

Metres 

% 

Qs 

l 

Strong 

. 

62 y 10 2 

20° 

900 

1560 

050 

0 0022 

Model itc 

50 x 10 3 

211° 

800 

910 

590 

0 0032 

Light 

1 28 n 10 3 

13° 

600 

460 

330 

0 0021 


It -will ho seen, theiefoxe, fiom ref ot once to 
the curve m Fiq 12 that the limiting value 
of the ratio R /pv* obtained m laboratory 
experiments on pipes when the velocity or the 
lineal dimension is laige, may also be applied 
with fair accuiacy to the calculation of the 
skin faction of the wind on the eaith’s 
suifaee 


it was possible to obtain the distiibution of 
the fluid piossuie ovei the whole suifaee 
of the healing A typical sines of lesults 
are given m Table ITI 

Fiom an examination of the lesults it ean 
be shown that the factional lcsistance as given 
by the pioduet of the coefficient of faction 
and the load was fanly independent of the 
load and was ncaily pioportional to the velocity 
and, fuitliei, that it vaiied considerably 
with the temperature of the oil him 

( 11 ) Osborne Reynolds' Tkeo? y — After the 
publication of the lesults of these experiments 
the mattei was taken up by Osborne Reynolds, 
who realised that the him might be thick 
enough for the unknown boundary condition 
to disappear, in which case the equations of 
hydiodynamics could ho applied to the motion 
As the result of a somewhat intricate mvesti- 


Table III 

Experiments on Journal 4 Inches Diameter, 6 Inches Long 
Lower Surface of Journal Immeiscd in a Bath of Rape Oil at 90° P Clioid of Are 
of Contact of Brass 3 92 inches 


Load in Lbs 

Coefficient of Bnction for Speeds as below 11 

pu bq In 









o± Pi ejected 



Revolutions pci Minute 



Area ot Brass 

100 

150 

200 

250 

300 

350 

400 

450 

573 


00102 

00108 

00118 

00126 

00132 

00139 


520 


000955 

00105 

00115 

00125 

00133 

00142 

00148 

415 


00093 

00107 

00119 

00130 

00140 

00149 

00158 

363 


00084 

0096 

00110 

00122 

00134 

00147 

00155 

258 

00107 

00139 

00162 

00178 

00195 

09213 

00227 

00243 

153 

00162 

00200 

00239 

00267 

00300 

00334 

00367 

00396 

100 

00277 

00357 

00423 

00503 

00576 

00619 

00661 

00714 


* The definition of the coefficient of faction as tabulated above is — Cocflicicnt of friction multiplied by the 
total load = moment of friction divided by tiio radius of the journal 


*5 (27) Tiie Frictional Resistance op 
Surfaces separated by a Thin Layer 
op Fluid (i ) Cyhndi ical Fm faces, Tower's 
Experiments — It was discovered by Mr 
Beauchamp Tower m 1883 m the eouise of some 
experiments made for the Institution of 
Mechanical Engineers, 1 that m the case of a 
lubneated bearing resting on a revolving shaft, 
the surfaces of the shaft and bearing wore 
completely separated by a thin film of oil 
under pressure, and that the component of 
the total fluid pressure m the duection of the 
load was numerically equal to the load 

Towel’s apparatus consisted of a half 
beaang of biass resting on a shaft 4 m m 
diameter, the lower part of the journal being 
always immeised m oil Arrangements weie 
made to measure the frictional resistance of 
the bearing, the speed of the shaft, and the 
temperature of the oils for various conditions 
of loading Further, by inserting pressure 
holes at various points m the surface of the 
hearing and connecting these to a manometer 
1 JProc Ins* Mechanical Engineers, 1883-84 


gallon, 2 lie obtained an approximate solution 
of the problem of the half beaiing, the results 
indicating that it was essential foi the mainten- 
ance of the film that theie should he a difference 
between the ladius of the bearing and that of 
the journal, the two surfaces having a given 
eccentricity depending on the load, conditions of 
running and the naturo of the lubricant It was 
further shown by the theory that this position of 
neaiest approach was not m the line of action 
of the load, but that the relative 
position of the two surfaces would 
be somewhat as shown m Fig 32, 
the position of nearest appioach 
being on what was termed by w 
Mr Tower the “ off ” side of the 
line of load, i e the side of recession of the 
journal surface from the line of load as 
distinguished from the “ on ” side or side of 
approach 

Thus, starting from the condition of no load, 
the distribution of the vertical and horizontal 
components of the pressure of the oil film 
a Phil Trans Roy Soc , 1 886 * Bart I 
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would be as indicated by the curves in Fig 33 
In this case the position of nearest approach 
HG is vertically above the centre of the 
journal, the pressure of the film lelative to the 
pressuie at this position being positive on 
the on side and negative on the off side, and 
the distribution being such that the total 


Vertical Piessuie 



vertical component is zero and the total 
horizon!#! component equal to the horizontal 
component of the fnction 

On applying a vertical load it is essential 
for equihbuum that the positive vertical 
component of the oil pressuie should exceed 
the negative component by the amount of 
the load imposed, and consequently the 
bearing tilts over into the position shown m 
Fig 34, m v Inch the resultant of the vertical 
pressure of the oil and the friction of the 
bearing surface exactly balances the load 
As the load increases it appears fr om the theory 
that the position of nearest appioach moves up 
to the left extremity of the bearing and that 
on further mci easing the load it moves back 
again towards the cential position Furthei, 
when the load is m such a position that the 
least separating distance HG is almost half the 
difference m radii of bearing and journal the 
angular position of HG 
is about 40° to the off 
side of the centre line 
At this position the 
pressure on the oil film 
is every wheie greatei 
than at A and B, the 
extremities of the heal- 
ing and the effect of any 
additional increase m the 
load is to produce a 
negative pressure at A which m piactice will 
produce rupture of the oil film 
It is fairly obvious, therefore, that this 
condition is the one which obtained m Mr 
Tower’s experiments at the instant when 
“ seizing ” occurred, and may be regaided 
as determining the maximum load on the 
bearing It was possible, therefore, to obtain 
a check on the accuracy of the theory by 
calculating the distribution of pressure from 
the equations when the distance of nearest 
a PP r oach of the surfaces was half the cliffeicnce 
of the radn^and comparing this theoretical 



Fig 34 


distribution with the one actually obseiud b\ 
Mr Towei Tins comparison luis been < amed 
out in Fig !5, the full anvcs incite atniu; the 
theoietical distribution of pitvHMiie on an angle 
base and the ciosses the obst i vultons It will 
bo seen that the agreement is vei V satishu Ini y 
The mathematical theory ol tuition under 
the conditions obtaining wlun plant' ni 
cylmducal surfaces supplied ^vitli a luhinant 
move lelatrvely to each otlioi has also he i li 
developed by Sommeifold, Mu hell, and 
Harnson As the fieitmcnt of the pmblom 
of the cvhndiieal bcanng 1»Y llauison is 
simplei than that of Osbourn !h\noldr, 
owing to the fact that be has assumed that 
the bearing is a complete cyhndei rush ad ol a 
hall cylindti and leads m the ease ol two 
dimensions to an 

exact solution, a 1 °m ! "I TTflV 
brief account ot 
the analysis is 
given hoie 1 
(m) Hem ison's 
Theonj — In form- 
ing the equations 
of motion of the 
film the effect of 
gravity and of the 
lneitia of the fluid 
can be neglected 
compared with the 
inter nal stresses 
arising from the 
sheanng of the 
liquid Also, on 
account of the 
thinness of the 
film, its curvature 
can be neglected 
so that the same equations bold wholhoi the 
stu faces aro plane or cylindrical In (he 
equations % is measured along the moving 
surface in the dnection of motion, g haw* 
noimal to this suifaeo The motion is H (ead\ 
and assumed two dimensional 
If w ho the component velocities at any 
point m the liquid, p the pressure, the equations 
ot motion are (see p 345) 

dp _ 
dor ' 
dp 

whoro /.l is the ooclhaent of viHPomty, nml (ho 
equation of continuity is 

The boundary conditions aro 
‘W—U, 11 = 0, where y 
n =0, v — 0, where y 

xvu T Ko W 3,T 7 30 Gambn<Joe Hoewtu, 
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whoie h is the van able distance between the 
surfaces and is a function of a Since the 
surfaces aic neatly parallel, v will be small 
compared with u and the rate of variation of u 
m the direction of a will be small compared 
with its rate of variation in the dnoction of y 
Accordingly equations (1) and (2) become 
tip d~u 


From ((>) it is seen that p is independent of y 
and (5) is then mtcgrablc, giving 


1 U 


7^ = 6/iU(7i~7q), 


(rlp'ldt)) — ®, and substituting tins value of 0 1 in 
equation (10), we have 

.^n, Mil 0(2 H 6 cos 0) 

1 ^(2 + d)() Kcus^ 

It will bo seen fiom this that the positions of 
maximum and minimum pressuie aic equi 
distant from the point ol nearest appioach, 
and the one value rises above the value of the 
piessuic at that point by as much as tlio oilier 
value falls below it The distribution of the 
piessuie for values of 0 of 0 1, 3, and 5 is 
shown m Fiq 37 The total vortical force 


Now from (3) 


th ei of ore, substituting the value of dv jdx fiom 
(7) and integrating, wo have 

d fiA A _ r TT r ’ A 

\ 1 ox) ^ ox* ^ 



where 7q is the value of h foi which dp/dx—O 

© Let Fig 30 represent a 
section through the shaft 
journal, and let 0 be the 
centre of the journal of 
radius a and O' the ccntio 
of the hearing, a+r) its 
radius, and let 00' =c ?7 
m a on wheie c :l 

Then the value of h 
can be wntten h~r){l+c cos 0 ) where 0 u the 
angle POO' 

Hence, writing x=aO t 7^ — ^(l + c cos 0 x ) y we 
have 

dp _6/iUar(cos 0 - cos 0{) 
dO" ?^(1 "He cos oy* ’ {k) 

fiom winch 

„=c+ C/iUa; r r am ° 

1 {i-f)VL(i+«« Of 

( - (1 - r 2 )(l ^ o ros ff) h j(l +c cos 0 l ) 

(1 - c 2 + 3(1 H e cos 0))j I (1 ~ o=)~ 4 <2(1 - o s ) 

-(1 +ccostf 1 )(2 + c 2 )] tan- 1 (/V^rnj 1,1111 2 ] J 


Now p can only have one value for any 
given value of 0 , and therefore the coefficient 
of tan** 1 {V(l - c)/(l 4 c) tan (0/2)} m the above 
equation must be zero, % e 

3c + (2 + c 2 ) cos 0j=O (11) 

This equation determines the points at which 


on the journal duo to the pleasure acts down- 
wai da thr ough 0 and is given by 

I 2ir n ln 127i>UVrfc y . 

K =J„ pamf,a(l0 ~ v °(2+s)(i-'°y ( 1 


The total foico due to l ho viscous diag on the 
surface of the journal must by symmctiy act 
tin ough 0' and is given by 

I r 

S s= I / sin OadO 

Now 

-K hm 

_p.Uf 4 _ <»( l - « J ) 

V Ll 1 0 L0S (2 + c 2 )(l 16 cos y) 2 ’ 

ox s= 4^U«r _4~r 2 _ -1 

pc L (2 + 0(1 - r 2 )- J 
Again tlio couple exerted on the journal is 

«•_. I\.i. 7 «_ 4 2 < 2 ) nr . 


M= (IB) 

Jo V& K 2 )(1-6 2 )S 

Now if f* bo tlio \ iscous drag on the surface 
of the bearing 

lienee on the bearing the coi responding forces 
and couples are R' acting upwards thiough 0' 
and equal to R 

(1 ” 

Now S and 8' arc not equal and opposite, 
but being of a smaller order than R and R' 
mav be neglected In fact it has been shown 
by Sommeifeld that a closer approximation 
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would establish their identity The inequality 
of M and M 7 is, however, an essential char- 
acteristic of the equality of the force systems 
(R, M), (R/, M 7 ), R acting at 0 and R 7 at O' 
Taking different values oi c the latio of M 
to M 7 is 

(3=0 1 4 6 9 

M/M 7 I 1 03 1 51 2 69 13 8 

The coefficient of friction for the journal is 
given by 

M JH26 8 ) 

Ra 3ac 

and that for the bearing X 7 by 

y M 7 

R'a 3«6 

An appreciation of these facts is of value in 
the p tactical determination of the coefficients of 
friction of bearings in laboratoiy experiments, 
for if, as is almost umveisully the practice, 
the faction on the bearing is determined it 
is evident that the actual coefficient of the 
journal is considerably greater than the value 
so determined unless the speed be sufficiently 
great to make c comparatively small 

The fact that the frictional resistance of a 
journal running at constant speed increases 
slightly as the load is increased may be illus- 
trated by calculating the values of M and R 
fiom equations (13) and (15) for given values 
of c and assumed values of g, U, a, and i? 



Load grs, 

Fig 38 


and plottmg the results This has been done 
m Fig 38 fox a bearing and journal m which 

U = 500 cm per sec , 
a~2 5 cm , 

7} — 005 cm , 

y-l, 

the calculated values of R and M being as 
follows 


c 

It m Grammes 

M m Gramme Cm 

1 

240,200 

4084 

2 

480,900 

4325 

3 

722,300 

4735 

4 

901,500 

5319 

5 

1,232,500 

G1G4 


It will be seen that by increasing the load 
m the ratio of 5 to 1 the friction is increased 
by 47 pei cent 


The vaiialion m the amount oi the factional 
lesistance as the speed is mu eased, the load 
remaining constant, maybe shown by uilcnlat 
mg the values of 1J and M fiom equations (13) 
and (15) lot ddieient values of c, R being 
constant 

This has been done for the same bcanng, 
journal, and lubricant as m tho pi odious 
example, taking the value of R as 1,232,500 
giammes when c — 5 

The calculated values of U and M are as 
follows 


c 

P Cm p s 

M Mi <uumo Cm 

5 

500 

6,164 

4 

G37 

6,660 

3 

855 

7,970 

2 

1285 

10,900 

1 

2085 

16,720 


The results aio shown m Fig 39, m w Inch 
the ordinates aie tho values of M and the 



abscissae those of U It will be seen that 
at the low speeds an increase m the speed of 
about 30 per cent only results in an increase 
m the factional resistance of about 8 per cent, 
but at the high speeds tho friction is practically 
proportional to tho speed 

It should be noted that the above deduc 
tions fiom Harrison’s theory — tho ratio of the 
couple on the journal to that on tho healing 
and the variations of friction with load and 
speed — aie based on tho assumption of a film 
of lubucant which is continuous iouncl the 
journal and m which the pressure distribution 
is symmetrical about a horizontal section 
through the axis, as m Fig 37 Ho c\pen 
mental investigation of the pleasure distil 
bution m a lubricated bush appears to have 
been made, but from some preliminary obsei 
vations at the National Physical JLaboiatoiy 
it would appeal that such a symmetrical dis- 
tribution is not commonly obtained in practice 
§ (28) Frictional Resistance of Flat 
Inclined Surfaces (i) MichelVs Theory — 
The hydrodynaimcal theory of the piessuro 
distribution between two flat inclined surfaces 
separated by a film of fluid has been worked 
out by Miohell, 1 who has obtained a complete 
1 Zeitschnft filr Muthematicl> 1905, hi 
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solution m thiee dimensions for a slide block 
of finite length and width The results 
obtained have lecently been applied with 
great success to the design of tluust blocks of 
marine engines, and an outline of tho analysis 
may be given heie Let tho piano rectangle 
ABCD in Fig 40 represent the lower suifaco 
of a rectangular slide block 
moving with velocity U over 
the plane rO, the space be- 
tween the pianos being filled 
with a liquid of viscosity g 
U is taken as positive in the 
direction aO, and tho pianos 
AC, xOz aie assumed to intersect m tho line 
Oz and the planes AC, xOg tho lino AB The 
width of the block AB is taken as 7 r Lot 
h~ distance between tho planes at the point 
, y and let 0 = 'cOB, tho anglo between tlio 
jilanos Put 

c = OA =a, OB —b, h = ci 

Tho boundaiy conditions aie, if p = pressure 
of liquid at x, y, 

P~0 when i=a or i; = 6 for all values of z 
P~ 0 when s=0 or z =7r for all values of x 

Then, precisely as m the case of tho completo 
cylindrical bearing (see p 377), it follows that 
between the planes AC and a Or, p as a function 
of x and z must satisfy tho equation 


jjdh_ ^ §??\ 

dx cfo,\6g, dx) dz) 


9fc 2 a 


'dPjPP. 

dx ^ dz 2 


%5=o 

cH 3 


Assuming a solution of tho form 

P-Pi+P- bp 3 + . pm, 

where 

mx 

and w m is a function of x only, we have 


( 1 ) 


( 2 ) 


„ sin mz 

nix 


Writing mx- 
(1) as 


ft 24g,U/7rc 2 — and equation 


P > -+- 

^^ a a 


'tip.d^P 
ca + dz 2 


6gU 

c 2 x 3 


f , sin 3 z 
|sinz + — ^ — (- 


Bintn. ) 

m J * 


the sum of the series of femes being rr/4 for all 
values of z between 0 and 7r, we have 

dp dp _1 1 
ox Cif Ift 

Wp 

dx 2 ' 


9f 

&P— m 2 v/I 


- — sin mz 


d^p 

dz 2 ' 


dw m 

ft ~ <r 2 "i 

__ 2 

dt* f 2 


d w<m 


+ ' 


S - sm mz 


( 3 ) 


the differentiation of the senes term by teim 
with respect to z being permissible because 
p=0 wlien and z~tt 

The coefficient of sm mz m equations (3) 
now becomes 

m 2 fd~w m 1 ?iv m /, 1\ ^ 1 /j\ 

TUf 1 ? 1? "l 1+ ^r™"?r (4) 

and smeo eveiy such coefficient must vanish, 


d 2 w m 1 
0C a + <T 


dw m 

0? 




l + f- -| .j 1 I- 
*5 3 2 1 7 5 2 3 2 


1+ (5) 

The completo solution of (4) is seen to be 
= A m I 1 (f) -| B m Ki(£") 

*' *- ) (6) 

01 

A^to +B / m K 1 (C - *«- 8 i-3r 4 

-1-5 3 2 r“ H7 5 2 3 2 r 8 + )> 

where I t (f) and !C x (c) aie the Bessel functions 
of f Hence the value of p m will be 
sm m, 

Pm ~",KT 


_^/ («^ + (m)‘ )) (7) 

TTG" 1 \ 3 o o w / J 

01 

p m = ~~ (a'AN + 




•(1 -1- Z(mx)- 2 + 5 3 2 (mr)“ 1 


(mx) 2 irc‘ 
or writing for convenience 

(mx) 2 ( mx ) 4 


)]. 


r ( x 4 1 (mx) 2 H 4 \ 

L ‘( m *)“;*vt 1+ s- + 6> + ) 

{mx) = £ — .j., (t + 3( »w)' a H 5 3 2 (m t )’ 4 ) ’ 


Lj 

wo have 
j) m = sm mz 


b/rU 


( Ara M + B M K l^)-CL l() » )! 


p m =sm mz j^A', 


f A ,Um) + B/ Kxfww) 


( 8 ) 


1 


- CLn(mi) j 


the first form being suited for calculation 
when mx is small, tlio second when mx is 
largo 

Tho coefficients aie determined from tho 
condition that p m vanishes when x~a or b 
for all values of z 

The intensity of pressure at any point r, y 
having been detei mined, the total pressure 

,TT b 

r= / pdxclz (9) 

0 u 

may be found by arithmetical or graphical 
summation The friction per unit aiea at 
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any point x, o, ?, precisely as m equations on 
p 377, is given by 


(bu\ _ U U dp 
f ~ ^{dyjy-o^h 2 0 ^ 


( 10 ) 


where U is the velocity of the fluid in the 
direction of % at x, y, z 

The resistance of the whole block is there- 
fore given by 


('/.‘('I-I s)“ 

?- 


A&l p 


( 11 ) 


(n) The Results of the Application of the 
Theory to Special Gases Case I Squaie 
Block, — length of side— tt, b=2a — The distubu- 
tion of pressuie over the block is shown m 



Fig 41 


Fig 41, m which the lines of equal values 
of pi C, t e equal values of pc 2 /Op, U, aio 
shown For tables of the values of the Bessel 
functions required and the method of obtain 
mg the values of the coefficients, reference 
may be made to the original paper The 
mean pressure is found by arithmetical 
summation to be j5 = (P/ 7r 2 )=- 0213(gtT/c 2 ), 
and the position of the resultant pleasure is 
427 r from the lear end of the block The 
nominal coefficient of friction 

= -|=10 83c 

Case II Slide Block of Width equal to 
one-third of its Length , b—2a, as before — The 
distribution of pressuie is shown in Fig 42, 
the mean pressure is given by 

OOlosT, 

3tt 2 c 2 

and the position of the resultant pressure is 
at 39 of the length of the block from the real 
end 


The coefficient of tin lion is 14«h , oi U»u let n 
times gioatei than m the case of ffi° H(jum 
block 

Caw III Slide Blod of Infinite 11 idlh 
Assuming b — 2a as befoic, the mean pHMsmo 
is - 0506 (ftXT/r *), the jesulbint pmsuuo 
acts at 1 433 of the length of the bloil from 



its rear end, and the coefficient of Judion is 
4 80 C, or less than half of tint of Iho square 
block 

The distribution of pttHSUio along fbo 
middle line z—ir/2 in this case computed 
with that foi the square mid mbmguhu 
blocks is shown m Fig 43, in which the 
influence of the transverse flow m icdiumg 
the pressure at the sido is cloaily lu ought out 



The piactical application of tho osHonfml 
conditions to sottiio peihxt lubi nation 
between two flat suifaces, indiuiled by fbo 
theory, has led to very great improvements 
m tho design of tho thrust blocks ol marine 
engines Previously collar - thrust heatings 
of the type shown m Fiq, 44 were in use 
These consisted of 
collars framing part 
of tho shaft m con 
tact with thrust 
washers sliding m 
grooves m tho thrust 
block and tiansmit 
ting the thrust of the 
propellertoit Oil was 
admitted to tho surfaces m contact through 
radial grooves cut in tho thrust washers, 1ml. 
as tho two surfaces were coplanar it is evident 
that no separating oil film could be formed, 
with the result that tho maximum pressure 
which could be used without sei/ung was of 
the ordor of 60 lbs per sq meh Tho sr/o 
and cost of the thrust blocks of largo nuumo 
engines wore therefore very great Tho fust 
thrust bearing m winch tho theoretical condi- 
tion of an inclination ol tho surfaces was 
fulfilled was made by Mr, A (1 M Michel 1 m 
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Austialia m 1005, and since lh.it bme iho 
development of tins type has been very rapid 
Fig 45 shows a beanng on this pnnciplo 
designed by Mi Newbigm foi Messis Be lbs 
& Moicom of Birmingham foi a steam 
turbine In tins A is the collar on the shaft, 
B are the segmental rubbing blocks, the backs 
of which are cut away to allow of them tipping 
through the necessary angle to the piano of 
rotation G are spacing blocks between which 
the loose rubbing blocks aro lilted D is 
the case holding the spacing and rubbing 
blocks togethei E is a washer, coneavc on 
one face and flat on the othei, to provide 
means of automatic adjustment F is tho 
ci oss piece with a convex face on to which 
the washer fits and having holes through 
which holts pass to tiansfer the ihiust to tho 
iiamo of tho turbine The oil is supplied 
thiough a hole in the cenlic of the shaft S 
This beanng was tested under a total load 
of 1500 lbs oi 500 lbs per sq inch at a speed 



of 1750 i evolutions per minute, uiulci which 
conditions it ran continuously at a temperature 
of 124° F Owing to the smallness of tho 
angle of inclination of the surfaces it is not 
practicable to have them fixed, and the blocks j 
aro psvoted about an axis passing thiough 
the line of action of the resultant of the oil 
pressure and the f notion In this way the 

block automatically sets itself to tho collect 
inclination Designed m this way tluust- 
bearmgs have been constructed which have 
mu continuously with a pressure as high as 
3000 lbs per square inch 

IV Tim Frictional Resistance of Solid 

Surfaces separated, or partially 

SEPARATED, BY A FlLM OF FLUID OF 

SUCH SMALL DIMENSIONS LATERALLY 

tiiat the Resistance is no longer 

DUE TO THE SHEARING STRESS IN THE 

Fluid alone 

§ (29) Oiliness 1 (i ) Lubrication — In the 
cases of the frictional resistance of suifaces 
separated by a film of fluid whose motion can 
be predicted from the equations of hydro- 
dynamics, such as those discussed eaiher in 
this article, it is, of course, obvious that the 

1 See article “ Lubrication " 


resistance is entirely lrulcpcnch nt of tho nature 
of tho suifaces and dependent on tho char- 
acteristics of the fluid, so that it may bo 
assumed that, m the case of two bearings 
and journals of identical dimensions and speed 
and loaded m such a manna that the relative 
position of journal and bearing is the same 
for each, but supplied with chflciont lubn- 
canis, tho factional resistances aro pioportional 
to tho coefficients of viscosity of the two 
lubucants used It has long been known, 
however, by piactical ongineel s that tumble 
m i unmng maclmieiy caused by hot healings 
can be cuied by tho use oi ceitain oils whose 
viscosity was of tho same oidei as that of 
the oil used m tho hot hearing Thus m 
the case of the heating up of tho ciank-pms 
of gas engines lubi routed, by mineral oil it 
is common practice to substitute castor oil 
for the mineral oil, with the icsult that the 
tuction diminishes to its normal value and 
smooth running lcsutts Now the value of 
foi castor oil docs not differ appicciably 
from that of a good lubricating mmoial oil, 
so it is evident that the foimei possesses some 
lubricating piopcity apait fiom its viscosity 
Although consider able attention has been 
devoted to the study of this property of 
good lubucants, no definite i elation has yet 
been found between it and the other physical 
properties of the oil, and the property itself 
is somewhat vaguely icf erred to as u oilmens 
There seems, howevci, to be no doubt that 
the determining factor of oilmens is the 
chemical composition of the lubricant and 
that those oils which contain a laigo propor- 
tion of unsatmated hydrocarbons aio the host 
lubucants An explanation of tho relative 
eupeiionty as logaids lubneatmg value of 
animal and vegetable oils over mineral oils 
is suggested by Langmuir’s theory of adsorp- 
tion According to this theory, the fact that 
animal and vegetable oils spread upon water 
whereas mmoial oils do not is due to tho 
presence of an active group in tho molecule 
m the former case and its absence m the 
lattoi a Tho soluble glycerine estei end of 
the rod-like molecule tends to dissolve in the 
water, hut the insoluble hydiocaihon end 
refuses to do so, with the result that the 
molecule stands on end and tho suiface of the 
wator is coveied with a layer oi closely packed 
molecules of the animal or vegetablo oil ** On 
the other hand, the mineral oils with hydro- 
carbon groups at each end of tho molecule 
are inert, and spreading does not take place 
Similarly, when a liquid whose molecules 
contain active groups is in contact with a 
solid surface adsorption takes place and the 

“ H S Allen, ’Proceedings of the Physical Society , 
Nov 20, 1919 „ _ „ 

3 Bee also Hardy, “ Spreading of Fluids on Glass, 
Phil Mag xxxvui 49 
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molecules oiient themselves into the out taco 
layer of the solid m the same mannei We 
may thorefoie legate! the lubnoation of sur- 
faces m apparent contact as being m the ex- 
treme case a condition in which the surfaces 
aie separated by a layer of oil one molecule 
thick, le&emblmg a piece of velvet fhmly 
glued to the metal with the pile outwards 
Two such velvet clad surfaces xv ill presumably 
be able to glide over each othci with little 
fnclion, and that lubncant lull be the most 
efficient m which this spicadmg action over 
the metallic suifaces is the most complete 
It is evident that the action here presumed will 
depend on the chemical composition of the 
surface of the healing, and this affords an 
explanation of the well known fact that m 
cases of hibncation m which, owing to the 
circumstances of the motion and loading, 
perfect 01 “ film ” lubncation cannot take 
place, the frictional resistance depends on the 
nature of the metallic surface, with the result 
that “ anti-fiiction metals,” as they are called, 
are much used Mr Aichbutt lias recently 
found that under the same conditions of speed 
and nature of lubncant the lining of a bronze 
bearing with white metal enabled double the 
load to be earned 

(n ) Relation between the Lubricant and the Sur- 
face — Decley's I'hpcnments — The lubrication 
of suifaces under the conditions mentioned 
above and the determination of the coefficients 
of fnetion between suifaces of different metals 
m contact when lubricated with various oils 
h we been investigated by Mr R M Deelcy, 
who has eonstmeted a special machine for 
the purpose In this machine {Fig 46) threo 
steel pegs each J' z inch m diameter symmetric- 
ally placed m a circle of 7 cm diameter rest 
on the flat surface of a disc of metal which 
can be slowly rotated These pegs are earned 
by an uppei disc which can bo loaded as do- 
sned and which actuates a spmdle to winch a 
spiral spimg and lccoidmg index aio attached 
When tho lower disc is rotated the upper disc 
is earned with it by means of tho frictional 
resistance between the surfaces of tho peg and 
tho lower disc, tho index recording the value 
of the torque, until slipping occurs A pawl 
and ratchet are attached to the geai to pi event 
the mdex from moving back along the scale 
when slipping takes place The movable disc 
on which tho pegs rest lies m a circular dish 
which can be filled with oil Tho mechanical 
details of tho machine will be clear from Fig 
40 In order to obtain clean surfaces of the 
disc and pegs these were ground under water 
with flour of caiborundum They were then 
polished with fine w r ct emery cloth, rubbed 
well m w r ater with a cork to icmovo as much 
emery as possible, dried with clean blotting- 
paper, and linally heated to get rid of all 
traces of moisturo As soon as the surface 


was dty it was wetted with the lubncant to 
be tested, placed m the machine, and the 
static friction coefficient dotei mined m the 
mannei desenbed above 
As lllustiations ot the effat of the natuio 
of the metals m contact and of the lubncant 
employed, the followang results of expenments 
made by Mi Deoloy may be quoted Tho 



pegs were made of mild steel One of the 
discs used was of cast non and tho other was 
a lead-lion alloy of the following composition 


Copper 

85 88 

Tin 

5 71 

Lead 

4 00 

Zmc 

4 10 

Iron 

0 10 

Nickel 

0 12 


100 00 


Tho static coefficient of fnetion is taken as the 
mean frictional lesi stance of tho peg divided by 
the load, and tho efficiency oi tho lubrication 
is taken as 100 - (static coefficient x 100) 
Table I gives the results obtained 
From tho results it will bo seen that the 
efficiency of lubrication of mild steel on east 
non is higher than for mild steel on tho alloy 
for all the lubucanis tested, hut that tho 
amount of the diffoienco varies with tho nature 
of the oil tested, tho advantage of tho cast 
non varying fiom 0 5 per cent m tho case of 
a mineral oil used for clocks to 12 poi cent 
m the case of a mrncial oil used for type- 
writers Rape and olive oils givo tho best 
results and the mineral oils tho worst 
It is of interest to note that those oils wlueh 
accoi cling to the expenments havo tho lowest 
coefficient of friction aio those which aio 
generally acknowledged by engineers to bo 
tho best lubricants 

Tho general conclusions which Mi Deeloy 3 
draws from his expenments aio as follows # 

1 Phys Soc Prec , 1010, discussion on Lubiicatlon 
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u * Oj Uncss * appeals to be an effect pi educed or as a result of abrasion foinung a paste of 
by tlio lubricant upon the metallic am faces metal plus oil between surfaces coveied by 
with winch it is m contact rather than a oil laycis one molecule thick ” 
jiropcity dopenclme; on any part lculxi i)hy steal § (30) Tiie NPL Ge\h Eejicifncy Ey- 

piopeit^ of the lubneant It would appeal pukimeeis (i ) LanchesteAb Apparatus — A 


Tame I 




Mild Steel on Oast Iron 

Mild Steel on Lead Bi on/e 

Dcsaiption of Oil * 


Stitic Ooefluient 

Elbe icnc> 

St itu Ooefluient 

Efficiency 

If R clock oil 

M 

0 271 

72 9 

0 275 

72 5 

Bayonne oil 

M 

0 213 

78 7 

0 234 

76 6 

Type water oil 

M 

0 211 

78 9 

0 294 

70 6 

Victory Red oil 

M 

0 1% 

80 5 

0 246 

75 4 

F F F cylmda oil 

M 

0 101 

80 7 

0 236 

76 4 

Manchester spindle oil 

M 

0 183 

81 7 

0 262 

73 8 

Castor oil 

V 

0 183 

84 7 

0 159 

83 1 

Valvolmi cylmdei oil 
ft pu m oil 

B 

A 

0 143 

0 127 

85 7 

87 3 

0 180 

81 1 

Trotter oil 

A 

0 123 

87 7 

0 152 

818 

01i\ o oil 

V 

0 119 

88 1 

0 190 

80 4 

Rape oil 

V 

0 119 

88 1 

0 136 

85 4 

* A— annual oil , 

V —vegetable oil , 1\ 

4 ^mineral oil , 

B —lilt nded oil 



that the unsaturated molecules of the lubn 
cant enter into a firm physico-chemical union 
with the metallic surfaces, thus forming a 


Worm Gear 
Case \ 


Cradle 

/ Rollers 


senes of experiments on lubrication, m which 
the contact of the sliding suif ices and the 
distribution of the lubneant was piobably 
of the natuio of that presumed m the fore- 
going discussion, has lccently been earned 
out at the National Physical Laboiatoiy 
These experiments consisted of tests of the 
efficiency of transmission of power through a 

Untuersal Coupling r — _ 


Universal 

Couplings 


Bevel Gear Box 


Sliding Universal Joint - 


( Belt tightening Gear not shown) 


To Engine Pulley 


friction surface which is a compound of oil 
and metal Tins solid surface would also 
appeal m the case of metallic surfaces to be 
much more than one molecule thick, the oil 
cither penetrating some little distance mto 
the metal and altering its physical properties 


woim-gear when using different kinds of oils, 
and were earned out for the Lubricants and 
Lubrication Inquiry Committee of the Depait- 
ment of Scientific and Industrial Research 
The testing machine was specially designed by 
Mr F W Lanchester for the accurate measuie- 
ment of the efficiency of power transmission 
through a worm-geai A sketch of the machine 
is given m Fig 47 and an enlarged view showing 
a section of the gear-box and the oil circu- 
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latmg system in Fig 48 It will be seen from 
Fig 47 that the geai-box is suppoited m a 
cradle A in such a manner that it has freedom 
of motion through a small angle about two 
axes at right angles The worm is driven by 
the shaft B through the intermediate shaft C, 
the latter bemg provided with universal 
couplings at each end In the same mannei 
the worm-wheel shaft is connected to the 
be\el box E, through the shaft D, and the 
universal couphngs F, F The load is supported 
by a bracket K fixed to the arm G, the axis 


efficiency of t he gen is 100 pci cent and Ifio 
gear latio 3 to 1 so th«»t the* speed <>J (ho woini 
is thiee times the spued of the woini ulwel, 
the torque on the vonn shaft u ill be onedhml 
of that on tho woim-vheel shall., mid (lure- 
fore the distance of the In id from the worm 
axis will ho ono-tliml of its dtsfauee from the 
wheel axis As tho ofheiem y of tho gear is 
less than 100 pel cent, it Mill ho necessary lo 
move tho load far then from tho wmru axis 
m oidei to balance tho goat box Tho calc u- 
latccl distance oi tho load fx om tho vvoitti axis, 
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FIG 48 


of this arm bemg parallel to and m the same 
vertical plane as the worm-shaft axis The 
load is not fixed directly to the bracket but 
is earned by a slider, and by means of a sciew 
and nut device the distance of the load from 
the axis of the arm can he varied The 
bracket is permanently fixed to the arm and 
thus the moment of the load about the worm- 
wheel axis is equal to the load multiplied by 
the length of the arm and is always the same 
for the same load The moment about the 
worm-shaft, however, can he adjusted by 
means of the screw-gear, there being a scale 
on the bracket giving the distance of the 
centre hue of the load from the axis of the 
arm It will be seen, therefore, that if the 


assuming 100 per cont efficiency, divided by 
the distance of tho load to obtain a balance 
of tho geai box is tho ofiieienoy of the gcai 
Tho duvo is taken tluough tho hovel box to 
the belt pulley M, i ho latter bemg of such a 
diameter that it- tends to duvo tho pulley N 
keyed to the rluvmg shaft B at fiom 3 to 
o per cent higher speed than it is actually 
making In this way, by tho factional slip- 
ping of the belt ovor tho mir laoo of tho pulley 
keyed to tho shaft B, all tho powoi trans- 
mitted through tho gear, with the exception 
of that lost in faction oi (lie bevel-gear and 
shaft-journals, is returned to tho driving-shaft 
The system constitutes, therefore, a power 
circuit, and all that is neccssaty to ho supplied 
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fiom nutmilo sou ices is the total loss due to 
( ho fr lot ion ni the whole machine This loss 
is supplied by «i belt drive to the cone pulley P 
iiora a Lb-li p petiol motor It is auanged 
ilut the tension m the helt connecting the 
pa lit ys M and N can be adjusted over a wide 
mu go, an mcioaso in the belt tension causing 
mi mi u* iso m the pleasure between the teeth 
ol tho worm and woim -wheel, and therefore 
«in iiu tease m tho torque In tho machine 
dost it bed the piessuie between the teeth 
multi lie me teased to a value coirespondmg 
with a t tans mission of 100 lip 

Fuf 18 shows m detail the method of sup 
potting tho gear-box It is held by means of 
ilm ball- bearing CO m the cradle A, which can 
it Hell lotuto tluough a small angle by rolling 
m Hu* bull- bom mg rollers B and B 

The ltd meant contained m the tank shown 
ut Fuf 18 is fed into the top of the gearbox 
bv means of a rotary pump, and leaves by 
means of the pipo IC, the hole m the side of 
llu* box being about on a level with the top 
nl tho wot m The temperatuxe of the oil 
eiiloi mg and leaving the gear is taken by 
t liei mot ouplcH It was estimated that m the 
evpt i nnonts tho absolute accuracy of the 
elh< icmey obtained was within 0 2 and 0 3 
pm cent of tho tiue value, and the agreement 
of the* leadings was within 01 per cent A 
dtlleu'iK c cortespondmg to 0 1 per cent m the 
cllu lent y could easily be detected when the ap- 
p.u atus was l mining smoothly The gears tested 
u< to of t ho Hindi ey type, cut by the Daimlei 
t'onip.uiy on Mi Lanchestci’s principle, by 
means of which a high efficiency of transmission 
in sec tiled even under extiemely heavy loading 
of the lulmcatod surfaces In the tests to be 
dtseiibed tho mean pressure on the surface 
ranged from 11 to 2 tons per square inch, and 
('(tieu note's of 07 pci cent veic obtained 

A In lef 1 1 (‘sen lpti on of the icsults obtamed 
with various lubricants may be given 

in oairymg out the tests it was found that 
Hbu ting with the lubricant at tho noxmal 
it inporut/iue ot the room the heat developed m 
(tic turn at the mu faces of the worm and wheel 
w.ih hiicjU that the temperature of the oilm the 
rt'oeix cu giadually mci eased, thus enabling a 
t onset utivo senes of observations to be carried, 
on t »it gi ad un,lly reduced values of the viscosity 
(ii ) JO \ pen mental Results — A complete 
h(*i k*h of efficiency tests at temperatures of the 
lubi it ant ranging from 15° 0 to 75° C weie 
mmed out on the following samples of oil 
| FFF Cylinder 

iBW 

f Trotter (a substitute 
Animal X for lard oil) 

/Rape 

Vegetable \ Castor 

Fish Sperm 

von i 


The more important physical properties of 
these oils will be seen from the following 
tables giving the results of determinations 
made at the National Physical Labor atory ; 

T4.BLE XI 

Density and Viscosity at 20° C 



Viscosity 

Density 

Density 

V iscosibv 

Castor 

7 8 

95 

7 5 

Rape 

99 

91 

90 

Trotter 

98 

91 

89 

Sperm 

38 

88 

34 

FFF Cylinder 

22 1 

89 

19 6 

Bayonne 

I 8 

90 

1 6 

Victory Red 

12 9 

941 

12 2 


Table III 

Vapiation op nip with Temperature 


o 

o 

t 

ei 

b 

1 



Sperm 

\ ° 

* ! . | 
1 1 ^ 1 

5 


2 02 

1 

2 42 

i j 

1 1 , 1 

112 7 I j 

10 


1 50 

1 56 

jl 13 


| 6 40 ■ 

15 

12 75 




39 39 

1 23 15 

20 

7 84 

99 

98 

1 38 

22 1 

IS 1 12 9 

30 

4 32 

68 

61 

i 27 

8 6 

93 1 4 5 

50 

108 

35 

i 29 ! 15 

I 24 

37 ( 1 0 


f 49 

17 

16 

t 

! 94 

18 1 38 

70 

1 

12 

11 

| 

1 

| 49 

1 

1 


Table IV 

Values op Flash toints SuRrmn Trxsioxs, 
4ND SPECinc Hea.ts 



Flash- 
point 
° C 

Surface | 
Tension, ! 
Dyne& 1 
per Cm 

Specific i 
Heat, 

C G S 
Units 

Castor 

Rape 

Trotter 

Sperm 

FFF Cylinder 
Bayonne 
Victory Red 

400 

405 

355 

1 300 

| 500 

1 375 

| 274 

! 37 6 

| 36 6 

; 38 3 

38 3 

36 7 

3b 1 

38 5 

508 

488 

483 

493 

476 

4G0 

423 


(m ) The Critical Tempeiatiue — In the case 
of all the mineral oils tested it was found 
that when a certain temperature of the oil 
had been reached, called the critical tem- 
perature,” the running of the gear became 
decidedly unsteady, and a marked increase 
m the rate of fall of efficiency with tempera- 
ture was observed Experiments beyond the 
critical temperature were continued until it 
was considered that the test could not he 
carried further without injuring the gear in 
the case of animal and vegetable oils, no 

2c 
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critical stage was reached at temperatures 
below 75° C , beyond which the tests were not 
earned 

(iv) Conclusions — The general nature of 
the results at a mean pressure on the teeth 
of 1] ton per square mch aie indicated by 
the curves m Fig 49, of which the ordinates 
are the values of the efficiency of transmission 
and the abscissae the values of the temperature 
of the lubricant 

It will be seen that at atmosphenc tempera- 
ture the efficiencies of the four fixed oils are 
appreciably higher than those of the mineial 
oils, but that m all cases the efficiency is 
remarkably high, varying from 93 5 for the FFF 
Cylinder to 95 5 for the fixed oils When the 
temperature exceeds 30° the extreme range m 
the efficiency is not so large as at 20°, and 
this ielative performance is maintained up to 
about 47° C , at which the critical point of 
the Bayonne oil is reached and its efficiency 


absolute viscosity of tho lubnuint instead <d 
tempeiaturo It will be seen that thiouglmul 
there is no indication that the fin tional i inst- 
ance of the geais is oven approximately pro- 
portional to tho viscosity of tho lubiuant 
employed, as would bo tho case if tho sm faun 
were sepaiatecl by a him of oil of moisuiablo 
thickness This conclusion is sinking] y von- 
fied m the comparison of the tohuUh for Castor 
and Trottei oils At 10° C tho viscosity ol 
Castor oil is approximately hi\ times that ol 
Trotter, but m tho tests at this tompeintmo 
the frictional lORistanccs woi o approximately 
the same As logaids the c fleet of piessmo, 
it was found that theio was an appreciable 
increase (2 per cent) in efficienoy obtained by 
raising the piessuie liom 1 5 to 2 0 tons poi 
squaio mch, and fmthei there was an increase 
of 1 per cent m the efficiency by mining the 
speed of tho worm -shaft from 500 to 1500 
rpm 



falls rapidly The critical point of the Victory 
Red oil is not so well defined, but would 
appear to be approximately 50° C The per- 
formance of the FFF Cylinder, however, 
remains remarkably constant up to a tem- 
perature of 17° C , when a very rapid break 
in the behaviour of the oil was noted, and the 
efficiency fell, as m the case of the other 
mineral oils The behaviour of the Sperm 
oil was somewhat abnormal, as the efficiency 
appeared to form continuously from 20° to 
60° and then remained steady There was, 
how r ever, no sign of a critical pomt having 
been reached There can be no doubt that 
the relative superiority of the fixed oils is 
due to the absence, within the range of 
temperature obtained, of a critical pomt 
The fact that the critical points of two of 
the mineral oils were reached at a tempera- 
ture of 50° C would have an impoitant 
hearing on their practical value as lubricants, 
since such temperatures are not uncommon 
m internal combustion engines and turbine 
lubrication 

In Fig 50 are exhibited the results of the 
same senes of tests plotted on a base of 


(v ) Effects of Mirim e —As practical oxpoii- 
ence showed that the hi bi uniting value of a 
mineral oil could be macascd by adding a 
certain pioportxon of animal or vegolablo oil 
to it, some expoumonts on vat ions mixtures 
were mado It was found that the addition of 
Rape oil m any pioportion to the mmoml oils 
did not appeal to me lease the oflicionoy very 
appieciably — an increase of 0 2 per cent was 
noted— but the enlical tompemtmo of the 
oil to 'which tho addition ol Rape was made 
was raised considoiably This effect of i awing 
tho cntioal temperature could be obtained with 
the addition of as small a quantity of Rape 
as 2J percent, and mei casing tins amount up 
to 25 per cent did not appeal to make any very 
raaiked improvement as xegards changing the 
critical pomt Tho genera] effect of vaiymg. 
the poicontago of Rape oil added to a minei U 
ml is shown m Fig 51 Experiments worn 
also mado on the e fleet of adding (Jastoi oil 
m various proportions to a mineral ml, and 
similar results to those observed m the ease 
of Rape were obtained To determine whether 
the beneficial cflcct of adding tho fixed oil 
to the mineral oil was duo to tho fatty acids 
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contained m the fixed oil, the following com- 
parative tests were made 

(1) Tests on Bayonne oil alone 

(2) Tests on Bayonne oil with 10 per cent 
of acid Rape added 

(3) Tests on Bayonne oil to which 10 per 
cent of Rape oil, from which the fatty acids 
had been removed, was added 

(4) Tests on Bayonne oil to which 1 0 per 
cent of Rape oil fatty acids had been added 

The results are shown m Fig 52 It will be 
seen that the effect of adding 1 per cent of 
fatty acids to the Bayonne is to produce a 
marked improvement m the efficiency and to 
raise the critical point from 47° C to 57° C 
The addition of the Rape oil from which the 
fatty acids had been extracted produced, on 
the other hand, practically no improvement 
The geneial results of the tests may therefore 
be taken as confirmatory of the hypothesis 
that the fatty acids m the fixed oils are the 
mam factors m the relatively greater lubri- 
cating efficiency of these oils 

A senes of experiments was also under- 
taken to determine the effect of addmg 
deflocculated graphite to the oils This is 
a special prepaiation of graphite m a finely 
divided state which when mixed with oils 
foims a colloidal mixture called “ Oildag,” 
fiom which the graphite cannot be separated 
by mechanical means The general effects 
of adding Oildag to the lubricants was as 
follows 

Tiottei and Rape — General lubricating 
efficiency unaffected by the addition 

Castoi — A small rise (about 0 5 per cent) 
m the efficiency due to the addition was 
observed 

Bayonne — The temjjerature efficiency curve 
did not show the characteristic critical point, 
the efficiency falling gradually with nse of 
temperature up to 80° C 

FFF Cylinder — A small increase of effici- 
ency (0 2 to 0 4 per cent) due to the addition, 
and a rise of the critical point from 72° C to 
90° C w r as noted 

Victory Red — The critical period was 
smoothed out and a nse m the efficiency of 
about 0 5 per cent was noted 

The general results showed that the addition 
of the Oildag was to reduce appreciably the 
differences between the mineral oils and to 
bring their lubricating efficiencies to nearly 
the same value 

Oildag appears, therefore, to have the effect 
of rendering an mfenoi mineral oil as good a 
lubi leant as a superior one m that it not only 
laises the lubricating value of an inferior oil, 
but considerably reduces the rate of fall of 
efficiency w r hich usually occurs at tempera- 
tures above the critical value 

(vi ) Tests on the Addition of Flaled Graphite 
to the Lubricants — The results of the use in 
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the testing gear of a mechanical mixture of 
oil and giaphite m a finely divided stato was 
also tried In these experiments the giaphite 


The icsults broadly indicated that tho 
addition of giaphite to the oils tested lias a 
small but appreciable beneficial effect on llu 11 



was maintained m suspension m the oil by 
the churning action of the pump and geais, 
but when the test was stopped it settled out 
and was deposited on the surfaces of the geai 
and casing 

The results of the tests showed that the 
effect varied with the natuie of the oils used 
In the ease of the Trottei and Bayonne oils 
a marked improvement m efficiency due to 
the addition of the graplnte was found, but 


the Castor and Victory Red oils were not 
materially affected In the FFF Cylinder oil 
the critical point was raised by 18° C 
It was observed, however, that the rate of 
wear of the worm-wheel was considerably 
greater with the flaked graphite than when 
normal oils or normal oils with Oildag were 
used 


lubricating pioportics, but it is not certain 
that this would bo the case with all oils 

V Tiitc Friction of Dry Solid Rurfaoi h 
§(31) Laws of Friction — As would ho 
expected from the imperfect knowledge of tho 
molecular and molai actions which tako place 
at the surfacos of sepai ation of solid bodies 
m contact, the natuie of the smlaco action in 
still obscure and, m consequence , the so calleef 
laws oi solid fru Lon 
are hugely cun pineal 
Further, it is now r re- 
cognised that those law m 
are only lough approxi- 
mations oAvmg to tine 
fact that the o\poi i- 
monts upon the results 
of which they are banc <1 
were, for the most pai t, 
made on suifatc s whit h 
wore not clean and wei o 
usually eon In initiated 1 >y 
the piesoiHo of somo 
fluid moisture, the pion- 
cneo of which materially 
affected the fnction.il 
resistance 

In the case of two 
solid bodies in contact 
over a suilaco the com- 
ponent oi my external 
force tending to cauHo 
relative) motion of tho 
two bodies by sliding over this sur face ih 
exactly balanced by the f notional resistance 
between tho surfaces up to a certain limiting 
value of tho external force, and if this vnhio 
is exceeded, sliding of the bodies takes place 
The fundamental law of solid friction is that 
tins limiting value of the frictional rosmtam o 
is a definite fraction of tho normal force with 
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win cli the tail faces m contact aio pi cased 
togctliei 

Coe [fluent of Ft lotion Angle of liepobG — 
The value of this fi action la called the co- 
cifuient of f notion/, and depends on the nature 
of the sm faces Ecu example, m Ihq 53 let 
NY ho the tiace of the surface of contact, 
and let P, inclined at an angle 0 to the normal, 
bo the resultant foice 
exerted on ono body 
by the othei body 
Then the fmoe with 
which the bodies aie 
pressed togetlioi is 
Fig 53 P < os <f> and the lateial 

force tending to make 
them slide over each otlici is P sm 0 Now 
by the law of solid faction P sin 0 cannot 
exceed P < os 0 without sliding hiking place, 
and theiefoie at the instant of sliding 
P sm 0 =/P cos 0 
or jf=tan0 

It follows, thciofore, that the gieatcst angle 
of obliquity of the iesultant piessuie to the 
mutual to the surfaces is the angle whose 
tangent is the coefficient of friction This 
angle is called the angle of icposc, and a know- 
ledge of its value for vanous substances is 
impoitant m the design of cngmooxmg 
sti uctuies The following table is commonly 
used by engmems, and is based on that diawn 
up by tleneial Monn after veiy extensive 
investigations 

T\ble I 



/ 

0 

Diy inaaomy and buck I 
work f 

0 60 7 

31° Iff 

Timbc r on stono 

About 0 1 

22° 

lion on stono 

0 7 0 i 

6° 

Timber on timber 

0 5 0 2 

26° 5 11° 

Timber on metals 

0 G 0 2 j 

31° 11° 

Metals on metals 

0 25 0 15 

IF 8° 5 

Masonry on dry claj- 

0 51 

27° 

Mnsomy on wet clay 

0 33 

18° 

Faith on earth 

0 25 3 0 

M° 45° 


When once sliding has taken place tho 
fuetional resistance may ictam the value 
which it had at tho instant sliding began, or, 
a>» is commonly the case, its value may lie 
appreciably reduced and take up a value which 
depends on the relative velocity of the smfaoes 
It will he clear, therefore, that between tho 
sm faces of solids m contact theio may ho two 
kinds of fnction, (I) the factional resistance 
before sliding takes place, and which may have 
any value up to the limiting resistance depend- 
ing on the normal pressure and the coefficient 
of static friction, and (2) the fnction al resist- 
ance when sliding, in which tho coefficient of 
fnction may he smallor than the statical 


coo (he lent, and which may also depend to 
some extent on the motion 

§ (32) Static Friction — The subject of 
statu fui turn is of consideiable importance 
m the theory of tho stability of ongmcciing 
stiuctuios, and has leccived much attention 
on account of its wide application in civil 
engmeenng practice In the dosign of stiuc- 
tiucs consisting of masonry and brickwork, 
it is assumed that the pieces aie m con- 
tact ovci tho plane surfaces which constitute 
the joints, and that tho mortal or cement used 
foi bedding the sm faces together is incapable 
of resisting any forces othoi than compression 
and fnction It is obvious, therefore, that an 
essential condition for the stability of the 
stnutuio is that tho obliquity of the pressure 
should at no joint exceed iho angle of repose 
for Iho matoiuils 

As an illustration of tho application of tho 
dat i of Table I the 
stability of the 
butticss in Fig 5 1 
may bo calculated 
This is supposed 
to bo made of 
sliotig bnckwoik, 
weighing 112 lbs 
por cubic foot ol 
tho dimensions 
given m tho eioss 
section, and of a 
urufoi m width of 
5 feet The but- 
tress lias to sus- 
tain two inclined 
thrusts applied to 
it at the i Hunts in- 
dicated, the upper 
ono being the tlnust ol a xoof principal wluili 
is 5 tons, inclined at an angle of 30° to tho 
horizontal, and tho lower one the thrust ol an 
arch which is 8 tons, inclined at an angle of 
15° to the horizontal It is evident that tho 
joints which aio most liable to slide aie (III, 
where the tlnust ol tho rooJ is applied, and 
the joint immediately below the point ol ap- 
plKalnm of tho arch thrust which is at KF 
If those |omts are secure tho stability of the 
othoi s need not be investigated (ionsideimg 
the punt OU, the lateral foico tending to cause 
sliding is 5 cos 30 — 4 32 tons Tho weight ol 
the buttress above (Ut is 21 (> tons, which, 
added to the vortical component of the thrust, 
gives a total normal pressure on tho joint of 
24 1 tons Tho maximum resistance to sliding 
may bo calculated Sunn the value of / foi 
brickwork, winch fiom the Tablo m § (31) is 
seen to bo 0, and is thorefcuo 14 4 tons, or 
more than thxoo times tho actual lateial lorco 
The joint is therefore safe 

Again, taking tho joint KF, tho total 
lateral force on the buttress above EF is 
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5 cos 30+8 cos 15 = 4 32 + 7 75 = 12 07 tons 
The weight of the buttiess above EF is 44 3 
tons, which, added to the vertical components 
of the two thrusts, gives a total noimal press- 
ure on the joint of 48 8 tons The maximum 
resistance to sliding is therefore 6 x 48 8 or 
29 3 tons, or more than twice the lateral force 
due to the thrust The buttress is therefore 
safe as legards lateral movement To complete 
the mvestigatron it would, of course, be neces- 
sary to consider the resistance of the buttress 
to ovei turning or crushing at any joint 
§ (33) The Friction \l Stability oi< 
Earth 1 — A structure of earth, whether pro- 
duced by excavation or embankment, pie 
serves its figure partly by the friction between 
its giams and partly by means of their mutual 
cohesion It is by cohesion that a bank of 
earth is enabled to stand with a vertical face for 
a few feet below its upper edge, whereas friction 
alone would make it assume a uniform slope 
The cohesion of earth is, however, gradually 
destroyed by the action of air and moisture, 
so that its friction alone is the only foi ce which 
can be relied upon to pioduce permanent 
stability It is therefore customary to treat 
the stability of a mass of earth as ansing wholly 
from the mutual friction of the grains, and to 
take as the basis of all investigations on 
stability the pnnciple that the resistance to 
displacement by sliding along a given plane 
m a loose gianular mass is equal to the noimal 
pr essure exerted between the parts of the mass 
on either side of that plane multiplied by 
a specific constant This constant is the 
coefficient of friction of the mass and is the 
tangent of the angle of repose 

Now m a gianular mass any plane whatever 
may be considered as a plane joint, and hence 
it follows that the condition for the stability 
of a granular mass is that the direction of the 
pressure between the portions into winch it 
is divided by any plane should not at any 
point make with the noimal to that plane 
an angle greater than the angle of repose 
Again, it follows, from a consideration of 
the distribution of internal sti esses m a solid, 
that the piano at any point of it on which the 
obhquity of the pressure is greatost is porpen- 
cheulai to the plane which contains the axes 
of greatest and least pressure, so that the 
pressure of greatest obhquity and the greatest 
and least pressures arc all parallel to one plane 
The relation between them may therefore 
be obtained from the stiess ellipse of a body 
subject to pressures parallel to one piano, the 
equation of which is P 2 = tf 2 sin 2 a + 6 2 cos 2 a, 
wheie P is the stress on a plane whose 
normal is inclined to the axis of y at an 
angle a, and a and b are the maximum and 
minimum stresses Thus, in Fig 55, let 
OA =a, OB =6, and let zz be a plan© whose 
1 See Eankine’s Applied 1 Ueolmruc% p 212 


noimal makes an angle 0 with OM wheie OM 
represents the stiess on zi The angle MOQ 
therefore represents the obhquity of the stress 
on zz Also, rf R is the middle point of PQ, 

PQ —a — b, RP=RQ=RM=^, 


and evidently the anglo MOQ is a maximum 
when RM is perpenchculai to OM, and then 


Maximum anglo of obhquity = sm “ 1 

and m that case OM 2 = (a + b/ 2) a - (a - b /2) ’ = ab f 
or stiess on zz— Jab 

Again, foi any value of the obliquity, we 
have, if OM=j), 

fa-b\ 2 /a + b\2 , 0 /a + 6\ 

\ 2 / "(yJ + p- — 2 J P °os 0, 

or — ab =p 2 - (a + b)p eos 0, 


which gives the i elation between the maximum 
and minimum si losses and the stress whose 
obliquity to the plane 
on which it acts is 0 
Now m the case of a 
mass of eaith whose 
upper surface is eithei 
horizontal oi inclined *^=— ^ 
to the horizontal at a 
definite angle, it is 
clear that on any plane 
parallel to the suiface, 
and whose depth below 
the suiface is small compared with the lateral 
dimensions of the surfaco, the piewsme is 
vertical and of a uniform intensity equal to 
the weight of the vertical pi ism standing on 
unit area of the given plane 
Fui ther, it follows that tlio stiess on any 
vertical piano parallel to the horizontal tiaeo 
of the first plane must lie m a direction 
parallel to this plane, for considering the 
equilibrium of a small pi jam 
ABCD (Fig 56) whose centre 
is at 0 and whoso faces aio 
parallel to XOX and YOY, 
it is evident that the forces 
excrlod by the other parts of 
the mass on the faces AB 
and CD are direotly opposed 
and that they are mdo 
pendently balanced The 
forces on AC and BD are therefore) independ- 
ently balanced, wbicli cannot bo the case unless 
their direction is parallel to YOY HU esses 
lelated m tins manner are said to bo conjugate 
stresses, and it is evident that their obliquities 
to the planes on which they act are the samo 
If, therefore, we consider m Fig 55 another 
stress which is conjugate to p, % c 0'~0, wo 
have 




a + b ___ p -\~p ' 
2 ”2cos^’ 


and 


cl- / / p+p'\ 
2 ~~ 'V \2 cos 0/ 


2 

- PV ' 
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Also, if <f> be the mmimum obliquity, it follows 
that, since 


sm 0 = 


a-b 

aTb’ 


(jH p' )* _cos 2 0 
4jpj/ ~co& 2 0’ 

% c p and p r uie the loots of tlio quadratic 
P 2 - 2P cos 8 + cos* 5 0 = 0, 

p* cos 9- d cos* 5 9 - cos 2 0 
01 =• 7- - L 

P cos 6 H vcos- 0 - cos* 5 0 

Applying this condition to the equilibrium 
of a mass of eaitli m which one conjugate 
plane is a plane paiallel to the hut face of the 
eaitli and at a depth h below it, it is evident 
that the pic ssuic pei unit aiea of this plane is 
wh cos 0 , where w is the weight pci cubic foot 
of the earth and 6 is the inclination of the 
surface to the horizontal Tlio piesauio on 
the other conjugate plane, which is vertical, 
is, as we have seen, parallel to the suifaeo, 
but as regards its magnitude it may bo cithei 
the greater oi the smaller of the two con- 
jugate prcs&uies, ic, calling this conjugate 
pressure p t the value of p may be either 

, . cos 0 - \/co& 2 D - cos 2 0 

Wll COS 0 — ~~ 

cos 0 4* v cos* 5 0 - cos* 5 0 


7 ,, cos 0 + d cos* 5 0 - cos* 5 0 

or wh cos 0 — r =- — ==-- — L 

cos 0 - d cos 2 0 - cos* 5 0 

To find which value to take m any spocial 
case, recourse is had to a statical prmciplo 
known as Moseley’s Principle of Least Resist- 
ance, which is stated as follows 1 If tlio foices 
which balance each other m or upon a given 
body or stiucture be distinguished into two 
systems called respectively active and passive, 
winch stand to each other m the relation of 
cause and effect, then will the passive foices 
be the least which arc capable of balancing tho 
active forces consistently with the physical 
condition of the body or stiucture 

This pioposition may bo regarded as self- 
evident, since the passive forces being caused 
by the application of tho active foices fo the 
body or stiucture will not mcieaso aftoi tho 
active forces have been balanced by them, 
and will therefore not mcieaso beyond tho 
least amount capable of balancing tho active 
foices 

In a mass of earth loaded with its own 
weight the gravity of tho mass is evidently 
the active force and tho lateral piessuro tho 
passive force, and, therefore, tho latter will 
have the least value which is consistent with 
the conditions of stability In tho case, 
therefore, of a hank of earth with a plane 
upper surface, the pressure parallel to the 


steepest declivity on a veitical plane at a point 
distant k below the suif ice is 


, cos 8 - \Zcos* 5 8 - cos* 5 0 

wh cob 8 _, 

cos 0 h v cos* 5 0 — c os 2 0 

oi, if the ground surface he hon/ontal. 


wh 


1 - sm 0 
1 I- sin 0 


To find tho resultant piessuro against a 
vertical piano of depth 11 below tho surface 
it is evident that, since the pressure is directly 
propoitional to tho depth, we may apply the 
ordinal v mles of hydrostatics, from winch the 
ccntie of pres sure is two thirds of tho total 
depth liom the siufaeo and tho resultant fouo 
is 

roll 2 xos 0 - d c os 2 0 - cos 2 d> 

0 cos 0 - . _ 

- cos 8 I- vcos* 5 8 - cos** 0 


§ (34) Case of tiil Supporting Power of 
Earth Foundations (i ) Theory — In tho 
case treated abovo the conjugate picssuio 
was caused solely by tho vertical pressure 
duo bo tlie weight of caith abovo tho point 
considoied, and its valuo was theiofoio tho 
smaller of the two conjugate pleasures 

It is evident, however, that this conjugate 
piessuio may ho increased beyond this least 
amount by tho application of tho piossuio of 
an external body — for example, tho weight 
of a huilclmg founded on tho caith In this 
case the conjugate piessuio will be the least 
winch is consistent with the vorbical piessuro 
due to tho weight of tho building, and if that 
conjugate piessuio does not 
exceed tho greatest con- 
jugate pressure consistent 
with tho weight of the caith 
above tho stiatum on which 
the building lests, the mass 
of earth will bo stable Tho 
most impoitant case in 
piaclico is when tho surface 
of the ground ib horizontal 
Thus, m Fig 57, lot p ho 
the intensity of tho pr essui o 
on a horizontal stratum duo 
to tho weight of tho huilclmg Then tho 
horizontal conjugate prossmo p', being tho 
passive force, is givon by 


5 1 ? TP 
Fig 67 


’^1 i sm 


<(> 

<!> 


Tho effect of p f is to cause an upward tin ust 
on tho oaith immediately above tho footings 
of tho foundations, and calling this p", then 
since p" is also a passive force, 


P 


rt 


, 1 - Him/) 

1 I -i-sm 0 


Now p" —toll, where w is tho weight per cubic 
foot of the oarth and h is tho depth of tho 


Bankine’s Applied Mechanics , p 215 
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foundation below the surface of the ground, 
and therefore 



It is evident that, if h has a less value than 
that given by this i elation, there will be a 
tendency for the building to sink into the 
ground by foicmg the earth upwaids 

h , therefore, is a minimum value to the 
depth of the foundations 

Agam, if the depth is such that theie is a 
tendency for the eaith piessure to overcome 
the pressure due to the weight of masoniy, 
as m the case of the flooi of a dock before 
the water is admitted, then p" is the active 
force, and 



The value of h determmed fiom this relation 
gives a maximum which cannot be exceeded 
without danger of the masonry being forced 
upwards 

In applying this foimula it must be remem- 
bered that by hypothesis the laleial extent 
of the mass of earth is large compaied with 
the d^pth \Vhen this is not the case, as m 
the region at the back of a retaining wall, the 
frictional lesistance of the wall will affect 
the pressure distribution It has been shown 
by Bous&mesq 1 that at a distance a from 
the face of the let tuning wall, if 0 be the 
angle of friction between wall and earth, and 
a 2 = l~sm 0/1 + &m 0, then for x le&s than 
ah the 

•o- . t w(h + x tan 0)a? 

Hoi izont al pressure = - \ . / 

r 1 + a tan 0 

Tr , , w{h + x tan 0) 

Vertical piessure = ' . , ' 

r 1 + a tan 0 

The ratio of the jnessuies is a 2 as m 
Rankine’s tlieoiy When a = 0 the horizontal 
and vertical pressures become wharj 1 + a tan 0, 
whjl + atan 0, and the tangential force on the 
face is evidently ivha? tan 0/1 + a tan 6 

(n ) Experimental Verification — The limits 
of accuracy m piactiee of the Rankme formula 
has been the subject of several very caieful 
experimental investigations, and it has been 
found that provided the material is perfectly 
free from moisture the accuracy is remarkably 
high Thus m some experiments by Wilson 2 
on dry sand, the following results were obtained 
from direct observations of the ratio of the 
pressures and by calculation of the ratio 
from the observed angles of repose of the 
sand 

1 Minutes of Proceedings Inst C E Kv 21 4 

55 Proc Inst Civil Engineers , 1901-2, cxlix 


Tabli II 
Dm IS and 



Hallo of Bn Mini m 


M nlmum 

Minimum 

Mi ui 

By Rankme thorny 
By experimental | 

0 330 

0 20(> 

0 *20 

measurement of 1 
the pressure s j 

0 315 

0 305 

{) 310 


In Ihc^c experiments the values ol the 
angle of leposc were obtained m two ways, 
one by placing the sand m a heap and Hubjor t 
mg it to vibiations until the suitace had taken 
up a definite slope, and the nthoi by pin mg 
the sand in a box with a sliding end which 
was opened gently alter tapping The ox- 
tiome variation in the value ol Hue olmeiusl 
angle of teposo by these methods was irom 
30° 0 to 32° 53' 

The pleasures were obtained by placing 
the sand in a cast-iron cylinder i 1 \ inches 
m diameter , 14 inches deep, provided with 
movable pistons at the top and bottom ends, 
the pistons being compressed between Uie 
platens of a 100 ton testing matlnne in 
this way jnessuie equal to tliat due to a depth 
of 1311 feet was obtained The insti mueiit 
used for moasunng the pressure consisted of 
two steel discs of 3 inches diameter, so painted 
by a ring, and containing mercury, the dis- 
placement of wlueh due to the pressure was 
noted By placing this alternately parallel 
to, and at light angles to, thn due< turn m 
winch the external piessuio was applied, it 
was possible to determine the latio ol the 
two externally applied pressures wln'di gave 
the same displacement of the mercury and, 
theiefoie, the same pressure on tho ^auge 
From tho fact that the lolation botwxMUi flic 
load and gauge indications for any position 
was a lmeai one, it followed that the ratio ol 
the two loads was equal to tho ratio of tho hm i- 
kintal and vortical piessures for tho same load 

§ ( 35 ) Efjuwj? of Mot st u an on tjiw Ntuu 
xi ity OF hjARTir — It is well known Unit the 
effect of moistuio is to me reuse the cohesion 
and henco the stability of eaith and Hand 
Tins is duo to the sutiuco tension of the 
him of water separating tho grams, the amount 
of the traction depending on (ho amount ol 
moistuio Tt was found by Wilson that, 
commencing with sand initially dry, tho lmco 
between the grams increased with tho per- 
centage moisture up to a ceitain point and 
then decreased, but so long as tho mien slices 
were not entnely filled with water thorn was 
still some tractivo force, and hence tho latio 
of horizontal to vertical pressure should bo 
less than that foi diy sand On carrying out 
a senes of experiments on sand containing 4 
varying percentages of moisture m the up pan 
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atus described above, Wilson fully vended 
these conclusions, the latio of Lhc piessuics 
corresponding to the varying dogiees of 
moisture being as follows 


Table III 
Wi r Sand 



Pci rentage of Water 


0 

G 

12 

17 

Mean ratio of lion- i 
zontal to vertical V 
picssure J 

319 

221 

212 

280 


It is of mteiest to note that the minimum 
value of the ratio is obtained when the 
interstices aio half Idled with water It is 
tleai, therefore, that m the design of masonry 
dams or retaining walls to withstand eaith 
pressuie, the use of Ran Line’s foimula with 
a value of the angle of lepose determined 
from experiments on the diy material will 
give a result which is on the safo side 

§ (30) The Kinetic Fiiichion of Dry 
Solid Surfaces — As mentioned above, when 
once sliding has commenced between the 
surfaces of two bodies m contact, them is m 
the majority of cases a sudden fall m the 
amount of the f notional resistance so that the 
coefficient of kinetic faction for two substances 
is usually less than the cocfhciont ol static 
faction Jenlon and Fwmg 1 have shown that 
for haul substances such as steel on steel the 
two coefficients aie equal, but when one or 
both surfaces are of i datively softei material, 
such as brass oi gieenheart, the coefficient of 
kmetic friction is less than that of static 
They also found that when tho two co- 
efficients chffei, the change, at low speeds at 
any rate, is not instantaneous at the instant 
at which i dative motion begins, but takes 
place giadually and without discontinuity 
Oases have been noted by Kimball m which 
tho coefficient of kinetic friction is gieator 
than that of static friction Leather on cast 
iron appears to be an instance ot this A 
marked falling off m tho value of tho c oolhcient 
of kmetic f notion as the relative speed of 
sliding is increased appears to bo a universal 
characteristic of dry sliding surfaces There is 
also m many cases a further progressive fall m 
the value of the coefficient with time which is 
probably due to the abrasive action of tho sur- 
faces tending to produce greater smoothness 
(i ) Experiments on Brake Blocks — Both of 
these characteristics are noticeable m the 
results of Captain Gallon’s 2 expenments on 
the fnctional resistance of cast-iron biako 
blocks on steel waggon wheels, as will ho 
seen from Table IV 

1 Phil Tranf> It 8 clwii s Pait n 
2 Engineering , xxv 460 


Table IV 


itilativo Velocity 

Cooilii lent of 1* in tion 

of l’liiki ivurl Wlu cl 
in Miles jju Hum 

Thai 1 
Seconds 

5 In 7 

Si coihIh 

mmo 

Htumila 

2i to in 
St< (intis 

60 

0G2 

054 

048 

043 

50 

10 

07 

05G 


40 

131 

10 

08 


30 

181 

111 

098 


20 

205 

175 

128 

07 

10 

32 

209 



5 

30 





A similar reduction m resistance due to 
moi ease of speed was found in Captain Galton’s 
expenments on tho fnctional resistance of 
locomotive driving wheels on steel rails 
These icsults aio shown m Table V 


It may bo remarked that similar speed 
oifects in the case of locomotive dnvmg 
wheels on steel rails was found by M Ponce, 
but tho actual values ol tho coefficients were 
about twice thoso given m the table This 
dilfeionco was probably due to the state of 
the almosphoic during ilio tuals, which is 
known to have a considerable oifect on tho* 
fnctional resistance A common set of lilies 
foi dnvmg wheels m dilleiont conditions is 
as follows 

Rails very diy— frictional resistance 001) lbs 
per ton 

Rails very wet — fnctional resistance 550 lbs 
pci ton 

Rails m ordinary thigh sh weather— frictional 
lOHistance 450 lbs per ton 
Rails in foggy weather — ‘factional resistance 
300 lbh pei ton 

Rails in fiosty and snowy weather— frictional 
i osistauco 200 lbs per ton 

(n ) Emotion of Woven Eabncs — In leoont 
practice the use ol metal as a material foi tho 
IncT/ion sui faces of tho brake blocks of lailway 
carnages and the dutches of motor vehicles 
has boon in many eases discontinued owing 
to tho discovery that woven fabrics can bo 
made which, when used as linings foi brakes 
and clutches, give a lughoi coefficient of fnc* 
turn with greater dissipation of heat without 
burning and sparking, and have a much 
greater durability than can be obtained 
with metals 

One of these materials is known as tho 


Table V 


Sliced 
in M l' H 

count a nt 
of X lit tion 

Spud 
in M V II 

Cot lilt lout 
of Miction 

10 

11 

38 

057 

15 

087 

45 

051 

25 

08 

50 

04 
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Ferodo fabnc, which consists of layers of 
woven asbestos bonded together in a special 
mannei 

In an extensive series of tests at the National 
Physical Laboiatory the following results were 
obtained 


Material 

Pressure 
Lbs / bq In 

Woik absorbed m 
Ft -lbs /Sq In 
per Minute at 
L000 Ft pei Mmute 

Ferodo fibre 


60 

39,000 

Ferodo bonded'] 




asbestos com 


60 

18,000 

pressed J 




Standard 


50 

15,500 


The value of the coefficient of f notion 
obtained and the woik absorbed with Ferodo 
fibre at dilfeient speeds are given m Table VI 
It is claimed that the aveiage life of Ferodo 
blocks on the cais and trailers of the London 
Electric Railway is respectively 12,000 and 
22,000 miles as against 8000 for cast-lion blocks 
With cast iron at -£6 per ton, the economy 
pei block pei 1000 miles is given as 0 75 pence 
As many as 000 biake applications axe made 
by each tram pei day, the average speed, 
including stops, being 17 17 miles per houi, 


and the average mileage per set of blocks per 
cai being 10,410 

The decel eiation aveiagcs 5 feet per second 
per second as against 3 feet per second per 
second with metal block With this increased 
deceleration sei vices have been speeded up 
to 1} -mmute headways during “ rush ” hours 
The moio rapid braking of the trams has 
also led to a higher percentage of coasting 
minutes, the tests showing that coasting is 
as high as 38 per cent of the total running 
time 

Notwithstanding this high rate of braking, 
there has been an entne freedom from accidents 
to passengers, and there is also a very consider- 
able improvement m the tyres, the surfaces of 
which aie highly polished, and there is an 
entire absence of cutting and scoring The 
economy m this lespcct is shown by the fact 
that the mileage of motor wheels provided 


with Feiodo biake blocks is approximately 
35,600 pei A, -mch ladial wcai of the t\u 



compared with 7000 m the case of metal 
blocks 

An illustration of the application of tho 
fabric to a clutch is shown m Fig 58 

5$ (37) The Transmission of Power ry 
Friction (i ) Belt* — One of tho most con- 
venient methods of tho distribution of powei 
from a central supply to a numboi of small 
machines is by means of 
belt or rope dnvea fiom 
pulleys on a hno of shafting 
dnven by the prime movoi, 
to corresponding pulleys on 
tho various machines 
When tho pulleys aie at 
iest and no power is being 
transmitted, the tensions 
on the two sides of tho 
bolt are equal, but when 
tile dnvmg pulley com- 
mences to joiate, slipping 
of tho surfaces of tho 
pulleys over the surface of tho bolt is ] no- 
vented by friction, and rotation of tho cinvon 
pulley consequently takes place Tho relation 
between the tensions on the two sides of 
the belt and the co- 
efficient of f notion of 
the belt on the surfaco 
of the pulley may be 
found as follows 
Lot 6 m Fig 59 be 
the whole arc of con- 
tact of tho belt over the 
pulley Consider any 
element ds of the are Fia 59 

of the belt of which 

the tensions at the ends are T and T-J-5T 
Then if d6 be the angle subtended by ds at 
the centre, we have resolving along the radius 

(T + ST) sin ~ + T sm R, 


Tabld VI 

Tests on Ferodo Fibre 


Pleasure 

| CJoefiiuont of Friction 

Work absorbed in 

Ft -lbs /Sq In pei Mmute 

Lbs /fcki In 

Speed (Ft pei Mmute) 


.Speed 



600 

2900 

5500 

GOO 

2900 

5500 

16 

73 

64 





27 



56 



80,000 

29 

70 

03 


12,000 



39 


64 



70,000 
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the not mal pie&sure of the element of holt els 
oil the surface of the pulley Thus R = T dO 

Also resolving peipendiculai to the melius 

(T + 5T) cos ^ - T cos ^ = Friction = /iR = 5T 

We have therefore dT=/xR=//M?, whence 
by mtegiation over the whole aic of contact 
Ti/T,=e^ 

Fez leather belts working on iron pulleys 
jm has been found to range fiom 0 3 to 0 4 
For wne rope running at the bottom of a 
grooved pulley g=015 A common value 
foi & m the ca&e of leathei belts is 2 5 radians 
Taking /i = 03 tins gives TJX, 2, oi the 
tension on tlie tight side is twice the tension 
on the slack side Foi approximate calculation 
of the sue of a belt to transmit a given hoi so 
powei TjMV/2 x 33,000 = E P transmitted 
wheic V is the velocity of the surface of the 
pulley in feet pei minute, b is the breadth 
and t the thickness of the belt m inches, and 
T\ is the maximum working tension of leal her, 
which may be taken as equal to about 320 lbs 
pei square inch 

(n ) Effect of Slipping — Belts are not used 
m cases m which a voiy exact velocity ratio 
between the driving and duven shafts is 
essential, on account of the tendency of the 
belt to slip over the surface of the pulley 
There is also a definite amount of slipping 
which follows as a consequence of the elasticity 
of the belt The amount of this slipping may 
be estimated as follows Tlie actual mass of 
the belt which passes any fixed point either 
on the tight side oi the slack side in unit 
time is the same Lot l 0 be the length of 
this mass when the tension is zero, and lot 6, t 
and E be the breadth, thickness, and modulus 
of elasticity of the belt Also let T x and X 2 
bo the tensions on the tight and slack sides 
of the belt Then on the tight side the length 
passing any fixed pomt m unit time will be 
Z 0 (1 + T X /WE) and on the slack side the 
corresponding length will be Z 0 (] + T 2 /&£E), 
and it is evident, therefore, that these numbers 
will represent the velocities of the belt on the 
tight and slack sides, i e the velocities on the 
two aides will be m the ratio of (l -f TJbCE) 
to (l + T 2 /6iE) Furthei, it is easy to show 
that the velocity of the surface of the dnvmg 
pulley must he equal to that of the bight sido 
of the belt, and that the velocity of the surface 
of the driven pulley must be equal to that of 
the slack side of the belt Thus the belt 
comes on to the surface of the driving pulley 
at tension Tj and leaves it at a lower tension 
T 2 It has therefore contracted while m 
contact with the pulley, and it is evident that 
the nature of this contraction must be a slip 
against the frictional force exerted by the 
pulley, with the result that the belt continu- 
ally slips over the surface of the pulley to the 


point whoic it fn&t makes contact In the 
same mannoi the belt comes on the duven 
pulley at a tension T 2 and extension takes 
place gradually fiom the point at winch con- 
tact begins to tlie point at which it leaves 
Now the work dolivoied to the dnvmg pulley 
is (Tj-Tj) hi x (velocity oi surface of driving 
pulley) and the work communicated to the 
driven shaft is (1\ - X 2 ) bt x (velocity of surface 
of duven pulley), i e the efficiency of power 
transmission = (1 + T,/&ZE)/(l -| TJ&ZE), oi ap- 
proximately l - (T x - r l\)/btE 
Ex — The vnluo oi Young’s modulus foi leathei 
is approximately 20,000 lbs per sq m Assuming 
T 1 =2T a , winch will bo tho case when tin oodlicunt 
of friction is about 0 J and that the maximum 
woilcmg tension of a leather belt is 120 lbs per sq 
m , wo Iiavo 

Efficiency of tiansmission = l — 016—08 4 per cent 
Tho amount of slip is therefore 1 b per cent 
(m) Fndion Dnve — Another instance of 
the transmission of power by friction is seon 
m the attempts which have been made to 
substitute a friction dnvo foi tho oidmaiy 
spur geai arrangements commonly adopted 
m motor cais to obtam variable and reverse 
speeds This has been successfully carnod 
out m the well known “6WK” motor cai, 
m which the fuction gear takes tho loun oi a 
metal disc dnvmg a fibic faced wheel at light 
angles to it, the speed variation being obtained 
by varying the distance of the centio of the 
fibre-faced wheel from tho axis of tho metal 
driving disc Reversal of dnoction can, of 
course, bo obtained by moving tho driven 
wheel to tho opposite side of the disc axis 
In the case of tho “ G W»K ” car tho dnvmg 
disc is fixed axially, while the duven wheel, 
which is capable of bomg moved along its 
shaft to obtain tho vaiious geais, is pivoted 
at one end and pulled towards Hie driving 
disc by means of a sin mg at tho othci end 
This is so arranged that the contact prcssuic 
between the two fuction elements is lightest 
on top goal and increases as tho gear ratio 
is lowoiod This method has an obvious 
advantage over one m which the prcssuio 
between the wheels is constant at all speeds, 
since tho amount of tho yuossuro must bo hxed 
to give an adequate frictional resistance at 
low speeds, and tins means that tho top gear 
on which 90 pei cent of the running is done 
is used with a pressure between tho wheels 
about thieo times m excess of what is necessary 
The coefficient of f notion between tho fibie 
material and tho polished steel disc used in 
the " G W K ” car is about 0 5 It is found m 
practice that it is safe to allow a poripheial pull 
on the duven wheel of 100 lbs for each inch 
width of tho frictional material u respective 
of speed 

It is claimed by the makers of tho “GWK” 
car that frictional transmission, in the case 
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of cars up to 10 or 12 li p , has considerable 
advantages ovei the ordinal y gear box in that 
it is much moie simple to drive and the cost 
of replacements due to unskilful handling and 
ordinary wear is much smaller 

§ (38) Rolling Friction —The iesistance 
to the motion of wheels and rollers ovei a 
smooth plane has sometimes been attributed 
to the inaccuracies of the suiface, and it has 
been supposed that if these were removed, the 
resistance would entirely disappeai, provided 
that both roller and plane were made of elastic 
materials and the load on the i oiler were not 
sufficient to cause permanent deformation of 
either surface It was no doubt some hypo- 
thesis of this land which led the earlier experi- 
menters on the subject to denote the relations 
which they obtained by the term “ 1 uvs of 
resistance to rolling ” 

The researches of Osborne Reynolds 1 have, 
however, shown that m all cases m which 
surfaces roll ovei ea^h other, an appreciable 
amount of slipping of the surfaces over each 
other takes place and it is the fractional 
resistance to this 
slipping which con- 
stitutes the resist- 
ance to rolling 
This may be seen 
as follows Since 
no material is per- 
fectly hard, when 
a heavy roller rests 
on a suiface, the 
weight of the roller will cause it to indent the 
surface, and the surface of the cylinder will 
flatten out as shown m Fig 60 It is evident, 
therefore, that when rolling takes place the dis- 
tance rolled through the rollei in one i evolution 
will not be the circumference of its undisturbed 
surface For example, suppose that an iron 
cylinder rolls on an mdiarubber surface across 
which lines have been drawn at intervals of 
0 1 inch, and that as the cylinder rolls 
across these lines the surface of the rubber 
extends so that the intervals become 0 11 
inch, closing up after the cylinder is past 
Then the cylinder measures its circumference 
on the extended plane and the actual distance 
rolled through will be one-tenth less than the 
circumference Hence if, following Reynolds, 
we agree to call the distance which the roller 
would roll through if there were no extension 
or contraction, its “geometrical distance,” 
then, in the case above, the cylinder rolls 
through less than its geometrical distance 
On the other hand, if we have an mdiarubber 
roller rolling on a steel surface and the surface 
of the roller extends 10 per cent m passing 
over the iron surface, it is evident that the 
roller will pass over a distance m one turn 
10 per cent gi eater than its circumference 
1 See PM Trans It S clxvi 



Fig 60 


It must not be supposed, hoy over, that, jf 
the lollei and the piano axo of the same mnt< i ul 
these effects will bulamo each othoi In the 
case of the flat suiface tho elfcet of the mater ials 
surrounding a depiession will bo to sketch tho 
material m the depiession still fuithoi, whereas 
m the case of the rounded ruiLkp with a 
small flat on it the material surrounding the 
flat will compress tho matonal in the flat and 
decrease its lateral expansion Tho nnigni 
tude of this latter effect will, of course, depend 
on the smallness of tho diameter of tho lollei 
There are thus two independent causes which 
affect tho piogiess of a cylinder which rolls 
on a plane, the relative softuc ss oi the mater ials 
and the diamotei of the lollei Those two 
causes will act m conjunction or m opposition 
according to whothei the i oiler is lander oi 
softer; than the piano Thus an mm rollei 
on an mdiaruhba piano will roll through Jess 
than its geometrical distance, and an mdia- 
rubber roller on an non piano will roll through 
a distance moie than, less than, or equal to 
its goomotncal distance, according to the rela- 
tion between its diameter and soft new 

(l ) Slipping and Rolling — The pt< ciso 
natuie of tho slipping action which takes pi uc 
during rolling is somewhat complicated and 

is host studied aftei a 

pielimmaiy considera- 
tion of tho relatively 
simpler cases of the 
dcfoimation of a soft 
elastic m atonal between 
two paiallol plates 
which appioacli and 
lecede from each other without taiigOMl ta 1 
motion 

Lot Fig 61 rcpiosent tho section of a him k 
of mcliaiubbor between tho two plates when in 
tho non-comprosscd states and suppose Urn 
section to bo maikod with a series ol vertical 
linos at equal in- 
tervals apart 
Lot tho plates 
appioaoh each 
other, compioss- Pia 02 

mg the rubber, 

which expands laterally If thoio were net 
friction between tho rubber, and phtos the 
section would lomam rectangular as m Fig 62 
and the linos would still be equidistant ' li, 
howovei, theie be a 
frictional resistance 
between tho rubbei 
and plates which 
resists tho lateral ex- 
pansion, the section 
will bulge m the middle as shown m Fig (>3 
The effect of the faction on tho spacing of tho 
lines will bo that up to a certain distance, sue h 
as o?, from the centre ol the section, thoinot ion 
will be sufficient to prevent slipping and, then 0 - 
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Fig 04 


tip to Hus point the ends of the lines will 
pi t‘H( i vo the n <>i lgmai distances apait Beyond 
tlio extremity <>t oi slipping will commence 
mid will go on me leasing to the edge of the 
.section From i outwaids, therefore, the 
chstaneo between the ends of the lines will 
continually increase 

I i now tl\ o sui faces gradually sopaiate again, 
the lines Between o and r will assume the 
same foinis which they had at corresponding 
pnmtn of the compression, but since the 
|K)i Uon beyond or has been extended by the 
compression, it will 
have to con ti act and 
tho f notion between 
the sui faces will op- 
pose this conti action 
IJenco the lines be- 
yond oi which during 
compression weio curved outwaids will gradu- 
ally Htiaighton and curve mwaids as shown 
in Puj b4 

Tt is impoitant to note that during those 
two actions the smaller tho coefficient of f no- 
tion the gi eater Will bo the expansion of the 
lines dining compression, and that as the woik 
spent m faction dm mg separation depends 
nn the amount of this expansion, the work 
will obviously increase up to a certain point 
as the coefficient of friction diminishes 

In both of tho above cases it will be seen 
11 lilt tho chi cell ons of slipping on opposite 
sides of tho centie arc opposite to cacli oilier 
In the ease of a lollox, however, it is evident 
that tho material immediately m fionl of the 
emtio of the surface of contact is bemg com- 
pressed and that behind it is bemg expanded 
This action may bo approximately represented 
m tho ease of tho two plates with rubber 
between them by supposing the uppei plate 
AB to have been hist 
inclined towards C, so 
that the material under 
A was compressed and 
then inclined to waids D 
so as to raise the end A, 
thus causing a compres- 
sion under B and an expansion under A The 
Boftionul lines will tlicicfore assume the form 
flhown m Fig (ffi, and it is clear that the slip- 
ping on each side of tho centre now takes place 
in tho same direction This shows that m the 
action of lolling the whole of tho slipping is m 
the; same direction and tends to oppose the 
rotation It is this slipping against the f no- 
tional resistance between the surfaces which 
gives use to the resistance to the motion of 
tho roller, and hence, as Reynolds showed, 
tho coirect denomination of the resistance 
<e idling friction ” The analogy of tho action 
of tho mchar ubher between the two plates 
with tho ease of a cylinder rolling in a plane 
sm face is not, however, exact, as there is the 



important difference that m the latter case it 
is not the entne suiface of a bar which is bemg 
compressed and expanded but a portion of a 
continuous surface m which, whatever lateral 
extension may exist immediately under the 
roller, must be compensated by a lateral com- 
pression immediately m front and behind it 
The natuie of the deformation caused by an 
lion roller moving over an mdiarubber plane 
may be shown as follows In Fig G6, winch 
represents a section through the cylinder and 
plane surface, the lines on the indiai ubher 
aio supposed to represent lines initially ver- 
tical and at equal distances apart The motion 
of the roller is tow ards B, and oi and oi ' limit 
the surfaces on which there is no rtippmg 
C and D are the limits of the surface of contact 
and beyond these points the rubber is laterally 
compressed owing to the lateral extension of 
the material under the roller The hues m 
this region are, therefore, less than their 
natuial distance apart From D to r the 
material is being compressed, slipping is 
taking place, and the hues are convex out- 
wards Fiom ? to »' there is no slipping, hut 
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fiom r' to 0 expansion with slipping is taking 
place and the hnes are concave outwards It 
is clear, therefore, that the distance apart of 
the hnes from r t or' wall depend on the amount 
of the lateral compression from D outwards, 
and it is quite possible that this may be such 
that tho distance between the hnes from 7 to 
r' may bo equal to the natural distance, m 
winch case, as w r e have seen, the roller will 
roll through its geometrical distance whatever 
the actual slipping between Dr and CV' 
According to Reynolds this is i hat actually 
takes place when an mchai ubher roller rolls 
on an non plane The actual slipping is 
obviously equal to the diffoience between the 
intervals" between r and r', and the intervals 
at D oi C, and will always be greater than 
the loss of geometrical distance rolled through 
From the foregoing examination of the 
action of rolling, the importance of the dis- 
tinction between the real and apparent shj> 
in all cases of rolling contact is cleaily 
brought out, the apparent slip being defined 
as the difference between the circumference 
of the roller and the distance moved through 
by its centre m one revolution 
An explanation is also offered of the well- 
known fact that m general the lubrication of 
roller hearings is not attended with any bene- 
ficial effects in the way of increase of efficiency. 
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but may actually cause a loss of efficiency 
Thus referring to Fig 66 it is cleai that if the 
coefficient of friction is very great i and ?' 
will coincide with D and C and there would 
he no slipping, and hence no woik would be 
sj)ent in friction On the other hand, if the 
coefficient of friction were zeio, ? and ?' would 
coincide with 0 and there "would be no faction 
and no woik spent m overcoming it There- 
foie the work spent m faction is zero for two 
values of the vanable which is the coefficient 
of faction, and smce it is positive for all rntei - 
mediate values it must pass through a maxi- 
mum value Hence for some position of ? 
and te for some value of the coefficient 
of faction, the work spent m faction is a 
maximum 

The above conclusions have been verified 
by Osborne Reynolds by direct experiment, 
for the details of winch rcfeience may be 
made to the article cited In particular it 
may be mentioned that the experiments 
showed that a hard roller on a soft surface 
rolls short of its geometneal distance, whereas 
a soft roller on a hard plane rolls more than 
its geometrical distance, and that when both 
roller and jilane are of equal hardness the roller 
rolls through less than its geometneal distance 

§ (39) The Practical Application op 
Rolling Friction in the Design op Mechan- 
ism — In recent years the loss of energy due 
to fnction of the journals and thrust collars 
of mechanism has been greatly i educed by the 
use of ball and roller beaimgs Contrary to 
expectation the insertion between the cylin- 
drical bearing surfaces of mechanism of one 
or more nngs of hardened steel balls running 
m hardened steel grooves ox races so arianged 
that the sliding action is replaced by the 
rolling of the balls m the races has proved 
highly successful under heavy loading As 
the effect of a design of incorrect type is likely 
to prove disastrous m practice, a bnef account 
of conditions to be fulfilled and errors to be 
avoided may be gathered from the following 
illustrations of ball hearings which have been 
tried m practice with varying degrees of 
success 1 

(i ) Ball Bea? mgs — One of the earliest types 
is shown at A, Fiq 67 This was formed of 
a hardened steel sleeve with a V or rounded 
groove fixed to the shaft, the outer races 
consistmg of two comcal rings screwed into 
the casmg by means of a fine thread, with 
the idea that the races could be adjusted for 
wear Since the wear of the race takes place 
only on the loaded side it is obvious that any 
adjustment of this kind would be fatal to 
true running of the shaft 
This fault was remedied m the design B m 
which the races consisted of two conical nngs 
screwed on the shaft, the outer stationary 
1 Goodman, Proc Imt Aut Bng , 1913-14, vm 


portion being made fl.it In Ibis cist the 
adjustable nng wan ahvn>s loidmg ind, 
theiefoio, the weai wan faulv all round 

and adjustment was possible, although, .u 
experience has shown, quite umu eessai \ 

Latei two plain liters as shown at (\ with 
a cage to keep the balls in position, woio found 
to be successful, the final evolution oi the i<rce 
bemg shown at D wlioio the i.koh aio gioo\ ed 
to a radius of about that of the ball 

In the design of ball thrust bearings the 
races of the oaily typos weie made with tfi° 
grooves as shown at -TC The i mining <»l tins 
type was very nnsatisfiu toiy, with ninth 
scratching of the balls The substitution of 
a flat surface foi one of the grooves ns at F 
was an impiovemcnt but not altogether satis- 
factory It was found, however , tint, balls 
running between two flat lings with a cage 
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to hold the balls ran quite satinfuetm ily Tins 
design was still further improved from the 
weight-cairymg point oi view by substituting 
grooves of slightly gi cater radius than i ho 
ball, as m II For coitnrn purposes, however, 
the flat raeo is to bo piofoncd, Hinns if then' 
is any chance of the shaft getting out of line 
with its housing, there is less likelihood of 
trouble m heating and vibration. A high 
degree of accuracy m the mauuladuro of balls 
for ball beaimgs ib very essential. Fm 
example, m the case of balls half an in< h m 
diameter, Professor Goodman lias found that 
a distortion of ono-thousandth of an meh 
corresponds with a load of about J30 lbs of 
the ball Hence, if one of the balls m a thrust 
bearing is one-thousandth of an inch larger 
than the others, that ball will have about 
130 lbs moie load upon it (ban the others, 
and probably failure will ooem 
In the Skofko ball beaimg (Fig 68) the 
surface of the outer ring is spherical, with (ho 
centre at the axis ot tlio shaft Thoxo mo (wo 
grooves on the inner nng, which can be tilted 
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to <m< side to allow Hie balls to be slipped 
m t< ) i »< >si lion, which is a considei able advantage 
Tbeie is the furihci advantage 
that such a beaiing can be used 
on a shaft winch is movmg out 
of tmth These bearings are 
paiticulaily applicable to the 
case of motor cars and aero- 
planes v here the framing is 
not vciy rigid 

(n ) Safe Worhng Load m a 
Ball Bearing — From the re 
suits of his experiments, Pro- 
fessor Goodman has been led 
to adopt the following foimula for calculating 
the maximum woiking load on a ball bearing 

_ TT hid* 

W = 


nil o lino 
FlU G8 


"ND + OT 


wlioic W = maximum working load m lbs , 

ft = the ruimbex of balls m the bearing, 
d5=tho dianietoi of tho ball m inches, 
N — tho involutions per minute, 

I) —the diameter of the ball race in 
inches , the diameter being 
taken from the point of contact of 
the ball with the inner race m 
a journal bearing, and from the 
centies of the halls m a thrust 
bearing 

Tho constants C and l are as follows 


For tin ufit bcanngs — 

Flat tacts 200 

Hollow races 200 

Foi journal bearings — 

c 

Flatiftccs 2000 

Hollow races 2000 


l 

500,000 

from 1,000,000 to 

1.250.000 

l 

1,000,000 

from 2,000,000 to 

2.500.000 


A compaii&on between tho friction of 
oidnmiy white metal hearing and. that of a 
ball beating is shown m Fig 69 It will be 
seen that in the 
case of tho white 
metal bearing the 
staitmg effoit is 
voiy much greater 
than the normal re- 

WWemcW Eoarmg mUnoc aftor lt has 

been tunning for a 
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Ball Bearings 


considerable time 
With ball bearings 
the reverse is tho 
- case, and this, apart 
H from the limiting 
ratio of the resist- 
ances, is an addi- 
tional reason for 
tho use of ball bearings m machinery which 
stops and starts frequently 

For very largo hearings, m which the loads 


Rauolutlons of Shaft 

Fig go 


aie eoriespondmgly h igliTTt-- is--oustomaTy to 
leplace the balls by hardened steel i oilers 
Tho difficulties in obtaining- satisfactory 
runnmg are greater m these hearings than 
where balls are used, on account of the end 
thrust of the rollers brought about by very 
slight inaccuracies m the machining A 
slight amount of end thrust m a i oiler bearing 
may increase the frictional resistance tenfold 
Various devices to obviate end thrust, such as 
the insertion of a haidened steel ball between 
the ends of the roller and the 
face of the housing, have been 
tned, but without any great 
success 

One of the most successful 
roller healings which have been 
iecent.lv brought out is illus- 
trated m Fhj 70 In this the 
roller runs m a hardened steel 
rectangular groove ground in the 
sleeve with great precision, and 
after an extensive senes of tests on it Professor 
Goodman states that this is the only roller 
beanng which, m his expenenee, is practically 
free from end thrust 
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VI The Relation between Friction and 
Heat Transmission in the Case oe the 
Motion of a Fluid over a Surface 
having a Temperature ditfering from 

THAT OF THE Fl UID 

§(40) Heat Transmission (i ) Theoiy — 
The heat interchange between a sohd surface 
and a fluid m contact with it, fox a given 
difference of temperatuie between them and 
apart from radiation effects, wall evidently 
be proportional to the rate at winch the fluid 
particles are carried up to the surface, % e to 
the diffusion of the fluid in the neighhouihood 
of the surface Tins diffusion may he either 
(1) molecular, i e the diffusion of the molecules 
m a mass of fluid at rest, or (2) molar diffusion, 
by means of the movement of small portions 
of the fluid m the form of eddies The trans- 
mission of heat by molecular diffusion con- 
stitutes what is known as the thermal con- 
ductivity of the fluid, and that by molar 
diffusion is usually denominated heat con- 
vection Now m the case of a fluid moving 
over a surface m laminar or streamline 
motion, there is no molar diffusion between 
adjacent streamlines or laminae, and, there- 
fore, any transmission of heat to or from the 
surface m a direction normal to the stream- 
lines mnst take place by thermal conductivity 
On the other hand, when the motion becomes 
turbulent, it is evident that the eddies con- 
stitute the mechanism by means of which the 
heat is transmitted 

In § (25) it has been shown that m the 
motion of a fluid over a surface there is always 
a thin layer at the surface which is m laminar 
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motion when the general motion of the fluid is 
turbulent, and if the surface be hotter 01 colder 
than the fluid it is cleai that the heat trans- 
mission between layei and surface will take 
place by means of conductivity, and between 
the outside of the layer and the mass of the 
fluid, by eddy motion or convection In 
Pait I of this aiticlo dealing with ** Vis- 
cosity,” §4} (1), (2), it lias been shown that 
m the case of laminar motion the transfer 
of momentum between adjacent layers which 
constitutes the phenomenon of viscosity is 
effected by the internal diffusion of the fluid, 
and further that in the case of turbulent 
motion the corresponding phenomenon of 
mechanical viscosity is duo to the mass diffu- 
sion brought about by the eddy-making 
and tuibulence It would appear, therefore, 
that the mechanism by which the tiansfor 
of momentum which constitutes f notional 
resistance and that by which the transfer 
of heat is brought about is essentially the 
same whether the motion be laminar or 
turbulent 

The probability of this effect was first 
pointed out by Osborne Reynolds 1 m 1874 *n 
a paper on the heating surfaces of steam 
boilers In tins paper Reynolds descnbed 
an experiment m which, by blowing an through 
a hot metal tube the probable accuracy of his 
tlicoiy was demonstiated by the fact that tiro 
temperature of the issuing stream of air was 
approximately independent of the speed of tlie 
air eui lent The method of leasomng loading 

to this conclusion may be stated as follows 
Considoi the case of a fluid moving tluough a 
pai allcl pipe of cn cular cross - section with 
mean velocity Y nl , and lot the xnnei surface of 
the pipe be maintained at a uniform tempera- 
ture T 3 Then, neglecting the thermal con- 
ductivity effect m the thin layer at the 
boundary, and assuming all tlio transmission : 
to take place by eddy motion, the ratio of j 
the momentum lost by skin faction between 1 
any two sec tions distant dx apart, to the total 
momentum of the fluid, will bo tlio same as the 
ratio of the heat actually supplied by the 
surface to that which would have been 
supplied if the whole of the fluid had been 
earned up to the surface 

Thus, if dp is Iho fall of picssuie between 
the sections, 

dT the use of temperature between 
the sections, 

W the weight of fluid passing per 
second, 

V OT the mean velocity of the fluid, 
a the radius of the pipe, 

T w the mean tempeiaturo of the 
fluid between the sections 

3 P) acceding^, Manchester Literary and Philoso- 
phical Society, 1874 


Then, by the above i elation, 

(dp)ira* __ WT 

W/V V ro - W(T,-f m ) 

The heat lost per unit, aiea of the pipe is 
oW/ g dT 
2i rad i 9 

wlieie <r is the specific lieat per unit mass at 
constant piessuie, and if R denote the skin 
friction pet unit ai ea, 

•p _ ? ret- dp 

Hence if Q bo the heat transmitted pci unit 
area, 

q= M 5 lzI™> (i) 

V m 

It may be noted that thoio may bo apple 
ciable chveigenec between the above value 
of the heat transmission and that actually 
obseived, for, as Reynolds pointed out, “ ulti- 
mately it is by conductivity that the heat 
passes fiom the walls of the pipe to the fluid, 
so that theie will probably ho m the result a 
coefficient F(/u/r), wlieie l is the coefficient ot 
thermal conductivity of the fluid, the bum of 
which must be determined by experiment” 

(n ) Expen mants — A senes of expenments 
were carried out by Dr T E Stanton m 1895 
with the object oi testing tho accuracy of the 
above relation 2 The fluid used was water , 
which was emulated tluough thin copper 
tubes heated on the outside by means of a 
steam jacket Tho mean temperatuio of tho 
tube was estimated fiom tho value of its 
coefficient of expansion and the me lease m 
length, the value of the sui face fempeiature 
being then calculated from tho known heat 
transmitted and the thoimal conductivity of 
copper 

In making the experiments it was aiianged 
that the total use of tompeiatuio should not 
exceed a few degrees, and should be small 
compared with tho range of tom poi attire 
between metal and waloi In Hub way, m a 
senes of expenmonts m wlm h V m was varied, 
tho value of f(l/v) reform! to above would be 
approximately c onstant ffiu tlioi , since it w as 
known that R = cV w «, wutmg tlio relation (1) 
m the form 


wlieie I) is constant, tho valuo of a - i could 
be obtained by tlio usual method of logai illume 
plotting 

On making this determination Cor several 
sizes of tubes, and with as large a range of speed 
of flow as could be obtained, it was found 
that tho value of n was piactically identical 
with that found m tho factional dotermmai ions 
(? e n varied fiom 1 82 to 1 8b), and hence 
2 Phil Trans Royal Sociclg, Relies A, ixc 
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i 1k>- truth of the relation (1) m its most ini 
pr tic cil aspect was iully demon- 
TJie fact that the heat absti acted 
^ 1 ° l n a hot metal suiface by a fluid flowing 
OVti i it is, for a given difteienoe of tempoiatuie 
^ e tvveon fluid and metal, neaily piopoitional 
k* * *tdie speed at which tho fluid moves ovoi 
* lo siuifac c, has been of groat linpoi t me e m the 
cl osign of steam engine condenseis, tho ladiatoi s 
ixilcinal combustion engines, and the heat 
feuifacea of stoam boilers Tho applica- 
tion of tho Keynolds theory to the case of 
tLxo design of surface condenseis for steam 
011 J-5xii.es has shown 1 that for a surface con- 
xbonser of given area of cooling suifaco and 
HV Hxply of eoolmg watei, m oidei to obUm 
bJxo greatest velocity of flow, tho length of the 
t-xi'bo should be as gteat as possible, and that 
"tlio most efficient design will lie seemed by 
lining small tubes of as great a length as is 
e °iXBistcnt with tho extremo limits of factional 
xessistance to flow allowed This condition 
o an be easily fulfilled in practice by arranging 
llxo bubes m separate compartments, through 
wliitli the eoolmg water circulates m series, 
xx xx cl thus the effre hue length of the tube can 
increased to any desired amount 
Xt, may be remarked that, if any moans 
o^isted of dotoimmmg tho thickness of the 
l^yei m laminar motion at the boundary, a 
c Ixoek between theory and expenment would 
Ixo .found as follows Consider bust the trans- 
ixiisBion of heat by eddy motion between tho 
ixx^lhh of fluid m the mtenoi of tho pipe and 
llio miter surface of the lay ex m laminar 


W'hcio 1\ is the tem])eiatuie of tho outside of 
tho layei 

Again, consuloung the transmission through 
tho surface layer, we have 

«T.-T,) 

/ 


Q -- 


(*i) 


wlicie T s is the temperature of tho surface, i 
tho thrckiioss of fire layer, and l the eoeffruont 
ol thermal conductivity, 

and (4) 

Combining (2), (3), and (1), w r o have 
Rcr(T 8 -T TO ) X 


Q-~ 


V. T¥n^/ir-iy whnop= v m 


(!•>) 

If, therefore, tho value of p weic known, it 
would bo possible, by expenments with a 
fluid flowing over a suifate for which tire 
value of It was always known, to obtain a 
check on the tlieoiy 

Unfortunately, no definite information on 
th© value of p is at piesent available Ifiom 
an examination of the criterion, due to Loi enz, 
for the steady motion of fluid between two 
pianos moving tangentially to each other, 
Mi 0 I Tayloi has arrived at tho conclusion 
that m tho case of a pipe u/V m should become 
neatly constant as tho velouty is increased, 
and independent of tho nature ol tho fluid 
As regards its value, tho mteiion of Loum 
indicates that it may bo approximately 0 38 
Altoi natively tho value of p may be calculated 
fiom equation (5) by substitution of tho known 


Tabus X 


iSolnnuu-n’s Experiments with Water ft owing in Drawn Brass Turns 102 cm long, 

1 7 CJM EXAM] Pl'R 


Volouly 
of I 'Tow hi 
1*111 p s 

IEent transmitted, 
Calm ics per 

Sq Cm ps 

Tempoiatuie 

IT] iction, 
Dvnos 
poi Hq (Jm 

l 

Value of 
U<r(Ti— Tm) 
~Ym 

Value ol: 
in 

Donation (5) 

Sui face 

Fluid 

IX(T 

132 2 

1 17 

20 65 

11 97 

57 6 

117 

3 78 

30 

132 2 

1 58 

75 15 

67 72 

45 3 

347 

2 54 

32 

100 

1 44 

26 28 

13 25 

35 0 

120 

2 56 

30 

100 

1 63 

67 30 

56 63 

28 5 

290 

3 04 

35 

01 7 

0 726 

2j 

12 66 

16 2 

112 

2 81 

30 

01 7 

0 413 

70 35 

06 50 

11 8 

341 

2 74 

42 


Stanton’s Experiments with Water et owing in Copper Tube 40 om long, 
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296 1 

4 43 

28 2 

15 93 

29 8 

128 

12 35 

26 

296 1 

5 08 

51 65 

39 05 

20 0 

217 

30 5 

20 


iiiatioa, which may be assumed to have a 
-volocity U 

I* hen equation (1) becomes 

Q (2) 

* Stanton on “ The Eflicioncv and Design of Snr- 
face Condensers,” Proc Inst C JS , 1898-99, cxxxvi 

VOL I 


values of H, (T 8 - T m ), V w , /x, and k m care- 
fully made Gxpomnents 
Such a series of oxpenmonts have boon 
earned out by J)i A Soonnokon 3 iri the ease 
ol water flowing through heated metal pixies, 
the results ol which aie givon nr Table T, 
together with certain of Rt ant on’s results 
1 Soenneken, Konig Tech TIochsohulo Munich, 1910 

2d 
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It will be clear from the calculated values 
of p in the above table that the use of the 
values of 0 38 denved from the theoiy of 
Loieiz vail not give results greatly m error 
The low values of p found from Stanton’s | 
results are probably due to the fact that they 
were obtained from short lengths of pipe m 
which the ratio of length to diameter was 
only 34, and that on this account the mean 
thickness of the surface layers would probably 
be appreciably less than that finally obtained 
at a considerable distance from the inlet 
Reverting to equation (5) it will be seen that 
if the value of erg// for any parti culai fluid 
is approximately equal to umty, the agree- 
ment between the heat transmission given by 
equation (1) and that actually observed should 
be fairly close if the assumptions on which 
the theory is based are correct 
Now foi air 1 = 1 6,uC tf , 

v here 0 V is the specific heat at constant 
volume, and since 

<r = 14C„, 

we have — = 1 14, 

erg 

so that experiments with air should furnish 
a lough demonstration of the accuiacy oi 
otherwise of the extension of the Reynolds 
theory given above 

In some experiments made by Mr J R 
Pannell 1 at theNational Physical Laboratoiy m 
1912 the results given m Table II were obtained 


the neiglibomhood oE the boundary which ih 
indicated m the curves of Fuf 27 that no such 
discontinuity exists xnd that the two motion** 
shade oft into each other giadually It ih 
evident, therefore, that the mattoi requires 
further investigation bcfoio any lcliablo 
prediction of the amount oE tho heat trans- 
nnssion can be mado from a know lodge of tho 
frictional icsistanc.es of fluid and suifxec 
§ (41) Rfflgt of NuitFAon Rouuuncss ok 
111 at Transmission —Apait from lho pmo- 
tical value of tho theoiy of heat transmis- 
sion outlined abovo in giving an accmalo 
measure of tho improvement to bo effected m 
lieat transtmshion by me leasing the speed 
of flow, tho i elation also indicates a possi- 
bility of met casing the efficiency of the trans- 
mission by increasing the coefficient of faction 
between fluid and surface It is well known 
that by loughcnmg lho surface over which 
fluid is in motion the frictional lesistaneo can 
bo increased two or tlueo fold Foi oxamplo, 
m Mi W Fioudc’s oxpeiiments on tho 
resistance to the towmg of planks in walot, 
it was found that tho resistance of a surface 
similar to that of sandpaper was more than 
double that of a varnished suilaeo undci tho 
same conditions In experiments at the 
National Physical Laboratoiy the frictional 
resistance of brass pipes has been meioasui 
threefold by sonatnig the inner suifwo by a 
senes of sharp ridges pi educed by a cutting 
tool It may be mentioned, however, that 


Table II 

Plow of Air in iieatld Br\ss Pipe 4 88 cm diameter, (31 cm ionu 


Velocity 
of Plow m 
Cm p s 

lie it transmitted, 
Calorics per 
btl Cm p s 

Tempeiatuio 

Friction, 

1 )ym h 
pci Cm 

Value ot 
MTv*~T,„) 
Vm 

Hallo of 
Calculated Mud 
Observed Heat 

Surface 

Fluid 

1180 

0205 

37 4 

22 5 

5 14 

0155 

0 76 

940 

0162 

36 2 

22 7 

3 18 

0109 

0(58 

2188 

0369 

43 0 

26 2 

14 0 

0207 

(i 73 


It wiU be seen that tho agreement between 
calculated and obseived heat is not satis- 
factory, so that assuming that no serious 
errors veie made m the observations on 
which the figures m the table are based, it 
would appeal that the assumptions on which the 
extended theory is based aie inconsistent with 
the actual facts The one whose validity may 
reasonably be questioned is the discontinuity 
between the layer at the boundary and tho 
eddying fluid which is implied m the reasoning 
leading up to the theoretical equation (5) 

It will be clear from the state of motion m 

1 Pannell, Report Advisory Committee Aeionautics, 
1916-17, vm 22 


tlie application oi the' Reynolds theory to Urn 
case oi rough huiJuioh is not, n pnon demon- 
strable, Bmeo tho precise nature oi the mochla a- 
tion oi tlio fluid motion as the smlace rough- 
ness is increased ih a mallei lor speculation, 
and it is by no means certain Hint an moroaso 
m surface roughness conesponds with an 
increase m llro turbulence which is the mam 
factor m the heat transmitted 
Foi tho purpose of testing the applicability 
or otherwise of tho Reynolds theory to the 
case of surface imrglmoss, a senes of experi- 
ments wore made at the National Physical 
Laboratory m 1917 on two pipes inch 
diameter, of which one was m the smooth 
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drawn. condition m which it was received and 
vho surface of the other was loughened by 
machining with a sen ow-euttmg tool so as to 
form a double senes of sharp ridges inter- 
secting each othei The depth of the seira- 
1 . 10 ns was about 0 01 inch 
In making the oxpenments, each pipe was 
sot up 111 a veitical position and a cuuent of 
watei ciKulated through rt by means of a 
cenliifugal pump provided with speed regula- 
tion, so that tho mean velocity of flow could 
bo varied from about 15 cm per second, 
slightly abovo the cntrcal value, to about 
90 cm per peoond Tho out&rdo of the 
pipe was wound with Eureka wire connected 
to tho supply minis Enough a vanable xesist- 
anoe and so aiianged that the lemperature 
of the pipe could be maintained at the desired 
valuo abovo the tompeiatiue of tho water 
Tho mem surface temperature of tho pipe 
was ostmiated flora the extension of the 
pi] jo moasuied by an oxtensomctei specially 
designed for the pm pose For the estimation 
of tho initial and final tompeiatuies of the 
watei, theimo junctions embedded in tlun 
brass tubes woie pi iced with then axes m 
tho axis of the jape at tho oxtiemilics of the 
oxpeumontal length and connected to a 
potentiometer Tho estimation of the flow of 
water Enough tho pipe was obtained from a 
calibrated motel Tho frictional resistance 
of the pipo was found ft ora the fall of piossuie 
along the expei nnental length 

In older to compare the lclative effects due 
to surface loughenuig, the ratio of the inten- 
sities ol surface friction of tho 10 ugh and 
smooth pipes have been plotted {Fig 71) 
on a base of speed of flow Enough the pipe, 
and on tho sumo diagram is plotted the curve 



1*1(1 71 

showing tho eonespondmg ratio of the heats 
transmitted per unit area per degree cliff oronce 
of tomporatuio It will be seen that through- 
out the whole range of speed considered the 
lieal transmitted from tho roughoned pipe 
exceeds that transmitted by tho smooth i>ipe 
by an amount gi eater than that by which 
tho faction has been mci cased by the roughen- 
ing, so that tho application of the Reynolds 
theory to the case of smface joughenmg was 
fully demonstrated In applying these results 
to practico, it is important to make sure that 


the conditions of tuibulence aie similar to 
those which existed m the experiments 
described above For example, from the 
characteristics of the motion of a fluid at the 
inlet of a pipe ieferied to m § (6) (111 ) it would 
appear probable that had the experimental 
length of pipe m the above experiments been 
placed at the inlet to the pipe instead of 
some considerable distance fiom it, the effect 
of roughness on the heat transmission would 
not have been so 
marked owing to 
the absence of 
turbulence m this 
particular region 
In order to in- 
vestigate this more 
closely, a further 
rescaich was ear- 
ned out 111 which 
the heated surface 
lepresented the 
gills of an air- 
cooled internal 
combustion engme 
The practical im- 
poi tancc of this 
investigation will 
be obvious from 
the fact that if an 
improvement m 
heat transmission 
of the order of that 
obtained in the 
loughened pip© 
could be produced m the cooling surfaces of 
aircraft engines by artificial roughening, the 
jiossibihty of considerable increase m efficiency 
and saving of weight would be opened up 

For this purpose the apparatus shown m Fig 
72 was constructed This consisted of eight 
copper discs of approximately the dimensions 
and spacing of tho gills of an air cooled engine 
surrounding a cylinder of wood, and set up 
111 a wind channel through which air could be 
circulated at speeds up to 60 feet per second 
The method of making an experiment consisted 
in heatmg the gills by a current from a storage 
battei y and measuring the amount of cun on t 
and fall of potential along them In this way 
the mean surface temperature of the gills and 
the amount of heat abstracted by the air 
could be calculated Obseivations of the 
velocity and temperature of the cooling air 
woie taken at the same time The thickness 
of the copper gills was 0 055 mm , the external 
and internal diaraeteis bemg 146 and 114 mm 
and the pitch 8 mm 

The loughemng was made by a special pair 
of steel dies by means of which the surfaces 
were corrugated into serrations^ 0 5 mm deep 
and 1 8 mm pitch A senes of observations 
was first made on the smooth gills These 


- 144 m/n 




Fig 72 
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were then taken out of the wind, channel, 
toughened by the dies and replaced, and the 
experiments icpeated under the same condi- 
tions of wind speed, and surface tempeiature 
as before 

The results of the two sets of observations 
aie shown m Fig 73, the ordinates of the 
plotted points being the heat abstracted m 
calories pei second per degiee difference of 
temperature between gill and air current, 
and the abscissae the mean wind speed m 
cm pei second 

It will be seen that, m complete contrast 
with the lesults of the pipe investigation, the 
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Tig 73 

toughening had practically no effect on the 
heat transmission, thus indicating that for 
these particulai sui faces the dimension m the 
dneetion of flow was so limited that the 
convection of momentum to the surface was 
not moie intense for a tough than foi a 
smooth surface Tlic anticipation that the 
conditions as icgards turbulence m this ease 
were probably similar to those existing at the 
inlet of a parallel channel appeared therefore 
to be justified It is probable that consider- 
able improvement m the design of the cooling 
surfaces of an craft engines and radiators may 
yet be effected by a suitable increase m then 
frictional resistances, but further research is 
necessary befoie the direction m which it may 
be looked for is apparent T E S 


Friction and Angles of Repose Table of 
Coefficients See “ Friction,” § (30) 
Friction and Heat Transmission, Stanton’s 
Experiments See “ Fnction,” § (39) 
Friction Drives in Mechanisms See 
“ Fnction § (36) 

Friction oe Curved Surfaces in Fluids 
See " Friction,” § (20) 

Friction oe Dry Solid Surfaces 
Kinetic See C£ Friction,” § (35) 

Static See ibid, § (30) 

See also “ Lubrication ” 

Friction of Locomotive Driving Wheels 
See “ Friction,” § (35) 

Friction of the Wind on the Earth’s 
Surface Sec “ Fnction,” (25) 

Friction, Static, Frictional Stability of 
Structures See cc Friction,” § (31) 


Frictional Drag of the Tides See 
“ Fnction,” § (24) 

Frictional Rests-Tangi on Cylinders in 
Fluids See cc Fnction,” ^ (21) 

Frictional Resistance of Fluids me leased 
by i eduction m the viscosity of the fluid 
Seo “ Fnction,” ^ (21) 

Friction \l Resistance of Smooth Planks 
moving through a I jTQiriD See “ Fi ic turn,” 

§ (18) , “ Ship Resistance and Propulsion,” 

sS* (8)~(12) 

Frictional Resistance on Soitd Shri-\ces 
in Fluids measured by the velocity slopo 
at the bouncUiy See “ Faction,” ^ (22) 
Frictional Resistance oe Surfaces separ- 
ated by a Thin Layer of Fluid See 
“ Faction,” 4} (26) 

Frictional Resist ance of Tiun Plates in 
Fluids Fix pen mental del or mutation fiom 
changes of momentum of the fluid ftoo 
“ Fnction,” ^ (19) 

Frictional Resistance on Woven Fabrics 
Seo “ Faction,” 4} (35) 

Frictional Stability of Earth See 
“ Fnction,” § (32) 

Froude Belt Dynamometer Seo “ Dyna 
mometcis,” (4) 

Froude Water Brake See ct Dynamo 
meters,” 4* (2) (iv ) 

Froude’s Experiments on the Resistance 
of Ships See “Ship Resistance and 
Propulsion,” jj (4) 

FURL CALORJMRTRY 

§ (1) Introductory —The measurement of 
the calorific valuo of fuels is a bianeli of 
ealonmetry which has been systematise cl m 
order that it may bo pi ac Used by operators 
not possessed of the knowledge «i oxpon- 
mental aptitude of the tiamecl physicist and 
chemist Laigo numbcis ol dotei mi nations of 
the calonfic valuo of finds aie made daily, 
with a icasonably high dogieo of aecmaey and 
com ordanco by a host of semi-skilled operators 
The latter, however, merely follow mstiuc Lons 
m the use of methods Yvlnch involve the 
scientific application of fundamental prim iples 
of physics and ohomistiy to the solution of 
the problom of moasunng exactly the heat 
evolved m the complete oxidation of leadily 
combustible matter The physical and chem- 
ical principles applied m Fuel Caloumetry 
are essentially identical with those applied 
m the measuiement of the heat evolved in 
chemical reactions m general, and the methods 
employed aie simply specialised adaptations to a 
restricted field of the general methods employed 
by the physicist in tackling the Ymrymg prob- 
lems of calonmoti y pi esentecl m the pmsmt of 
physical, chemical, and physiological resoar olios 
The broad principles ami general methods of 
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Calornnetiy have been dealt with in. the 
aiticle undei that heading 
§ (2) Methods and Conventions of Fuel 
Calorimetry — In this aiticle the specialised 
methods applied to the measurement of the 
heat evolved m the combustion of fuel will 
alone bo consideied These methods are, 
however, also of rather diveigent descriptions, 
owing to the physical diifeiences between the 
vauous “ fuels ” The physical differences 
referred to chiefly concern the question of the 
phase 01 state of the fuel, i e whethci it is 
solid, liquid, or gaseous at ordinal y tempeia 
tuies For instance, the calorific value with 
which fuel calomnetry is concerned is foi 
methane, the heat evolved by the combustion 
of gaseous methane , foi alcohol, the heat 
evolved by the combustion of liquid alcohol , 
and for sugar or sulpliui, the boat evolved 
by the combustion of solid sugar or sulphur 
While the supplemental heat attubu table 
to both condensation and solidification is 
included m the calorific value of a fuel such 
as sulphur, and that of condensation m the 
calorific value of alcohol, neithei is included 
m the calorific value of methane, oi other 
substance which is m the gaseous stato at 
ordmaiy temperatures Similaily the calorific 
value as usually determined and accepted for 
fuel expresses the heat insulting from then 
combustion when the products of combustion 
are m the state or phase m which they normally 
occur at ordinary temporatuies That is to 
say, any carbon dioxide produced by the 
combustion of a fuel is assumed to remain 
m the gaseous stato, whereas silicon dioxide 
oi silica would bo assumed to bo m the solid 
state, and water m the liquid state 

Theie is, however, a convention by which 
the watei lesultmg from the combustion of 
hydrogen and its caibon compounds m fuels 
is sometimes considered to lomam wholly 
in the gaseous state among the products of 
combustion, and the calorific value reahsod 
under this convention is termed the net 
calonfic value It is less than the common 
or qross calonfk value by the latent heat of 
vaporisation of the water resulting from the 
combustion of the fuel In the common 
measui omenta of the net calorific value of 
a fuel, a fuithoi deduction is made from tiro 
gioss valuo of the sensible heat of the con 
denned water in cooling fiom 100° 0 to 
oidmaiy temperatures The figure thus 
obtained is the conventional net calorific 
value of the fuel, but the former figure, winch 
differs from the gross calorific valuo only by 
the latent heat of vaponsation of the water 
resulting from the combustion, is the true 
tbcimodynannc net calorific value which 
should bo used in calculations of the efficiencies 
of intei nal combustion engines, flame tempera- 
tines, etc Except in the case of uncombmed 


hydrogen, the not calorific value of a fuel is a 
figure which has little real significance, becauso 
the unconclensablo products of combustion, 
such as carbon dioxide, mtiogcn, and excess 
of oxygon, pass away at the same tomperatuio 
as the uncondonsed water vapour In most 
uses of fuel, this tomperatuio is considerably 
higher than that of the atmosphere, and tho 
sensible heat of the unconclensablo products 
of combustion as well as tho latent heat of 
vaporisation of the water accompanying them 
has to be detei mined for tho pai tieulai tompoia- 
tuiQ at which they aio passing away whenever 
tho question of the iheimal efficiency of a 
particular application of a fuel is investigated 
In considering tho caloufic value of many 
of tho complex commercial fuels, it is necessary 
for comparative purposes to boar m mind that 
a coiiam component, e g naphthalene, may 
be available m mole than one stato or phase 
Foi instance, m coiiam mixed fuels thoio may 
bo a small proportion of gaseous naphthalene , 
in others a more considoiablo piopoition of 
moiton naphthalene or of naphtlialono in 
solution, while finally naphthalene may bo 
in tho solid stato as a component of a mixed 
solid fuel, or indeed m that stato bo used 
as a fuel without adnuxtmo Tho calonlio 
value of a substance such as naphthalene, 
which is available m tlnee states, will cliffoi 
accoidmg to its phase and its latent heat 
of vaponsation, of liquof action, oi heat of 
solution m a pai tieulai medium which solves 
as the liquid vehicle foi it The gioatci pait 
of tho combustibles to which technical fuel 
calonmotry is commonly applied arc, how- 
ever, complex mixtures which axe used m 
tho one state, viz solid, liquid, or gaseous, m 
which they usually oceiii, and it is tho calorific 
value of file fuel in that ono stato with which 
fuel calorimetry oidmanly is concerned 
When tho fuel is a solid, whethei a simple 
substance, such as caibon, sulpliui, phosphorus 
oi silicon, oi a complex mixture of cellulosic 
oi hydrocarbon material such as wood, coal, 
oto , its calorific valuo is orclmauly deter mined 
by measuring tho heat ovolvcd on the rapid or 
almost instant moons combustion in oxygon 
of a known weight of tho fuel When the 
fuel is a liquid which is not vory lonelily 
volatile, such as the lnghoi alcohols, oil, tai, 
otc , its caionfro valuo is deto) mined m sub- 
stantially tho same way When tho fuel is a 
gas, howovoi, though tho same method is 
applicable, it is generally preferred to bum tho 
fuel at a uniform measured rate of consump- 
tion for an extended period, and to moasmo 
the heat ovolved during tho time m winch 
a known quantity of tho gas is burned If 
piovision is mado for tho continuous con- 
sumption of tho gas at a uniform into, and for 
tho calorimetric device to furnish a continuous 
i coord of tho fluctuations m tho evolution oi 
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heat from the combustion of the gas, it is 
possible to pioduce a calonmetei which 
automatically registeis any variations m the 
calorific value of the gas ovei a long period 
The usual methods of gas calonmetry are, 
theiefoie, distinct fiom the usual methods of 
the calonmetiy of solid and liquid fuels, 
though there is some overlapping of the two 
methods in tho calorimetry of the more highly 
volatile liquid fuels, such as motor-spirit, 
ethyl alcohol, ether, etc The continuous 
calonmetry of a supply of solid fuel, such as 
coal, furnishing automatically a register of 
fluctuations m the calorific value of that fuel, 
is a problem which awaits attack, and of which 
a satisfactory solution would be of tho utmost 
value in industry Even in regard to oil fuel, 
continuous calonmotry is practically unknown, 
though the problem does not present the same 
difficulties as that of solid fuel, and a satis- 
factory solution of it is not far to seek 

Theie aie a number of points m fuel calori- 
metry to winch consideration must be given 
m the case of almost ail types of fuel calori- 
meters and of all classes of fuel They may 
be classified bioadly as follows (a) Sampling 
the fuel , ( b ) Weighing or measuring tho 

poition of the sample on which the deter- 
mination is made , (r) The supply of oxygen 
for combustion, (d) Choice of medium for 
reception of the heat evolved , (e) Ther- 

momctly, 01 tho measurement of the use of 
tempeiatuie of the medium , and (/) Incidental 
heat losses and corrections 

§ (3) Sampling the Fuel — In general tho 
sampling of fuel for determination of its 
caloufie value follows tho course adopted foi 
sampling it for chemical analysis, hut as many 
moio samples of fuel aie now taken foi calori- 
metry than for analysis, and often by persons 
not trained m general methods of sampling, 
a few woids on it may appropriately be said 
here, though, stuctly speaking, sampling does 
not fall within tho scope of calonmctiy as such 
Thero aio few materials more difficult to 
sample piopeily than eoal and coke, owing 
ehieily to the unequal distribution of earthy 
matter, slate, etc , in the coal as won and 
supplied to tho consumer Whole coal or 
coke passes through a mechanical bleaker 
which i educes all lumps to a relatively small 
si7 e, the proceduio of sampling a large bulk 
is greatly simplified, and if ] cwt portions 
are drawn from the outlet of the breakci at 
mteivals corresponding with the passage 
through it of 5 or C tons, and these $ cwt 
portions are subsequently mixed, further 
broken, quartered, the quarter broken smaller 
and again quartered, a finely bioken small 
sample is ultimately obtained from which tho 
final sample for the determination of calorific 
value may be ground This procedure answers 
well on gas works, etc , where coal is frequently 


broken bcfoie carbonisation, and coke befoio 
sale foi household use, but the breaking of 
coal loweis its value foi most other uses and 
this aid to propei sampling is not generally 
available In such cases larger portions, 
representative of both the laigo and the small 
coal, must he taken fiom each waggon load, 

01 5 to 10 ton lot, and those portions mixed 
to form an average sample, a quartet of which 
must be roughly broken and dealt with as 
before Many elaborate tin eetions have been 
issued foi the sampling of coal and coho 
deliveries, but a consideration of tho paiLictilai 
circumstances will genet ally suggest the best 
method if it is homo in mind that the hist 
bulk sample must bo laigo and must bo 
thoroughly mixed before the lust quartering 
Gam or loss of humidity m the course of 
sampling must also be avoided 

The sampling of liquid fuel is relatively an 
easy mattei, though, with heavy poll oleum oils 
and certain classes ol tai and tar oils, strati 
fication and deposition of solid matter mo 
apt to occur m storage tanks, and warming by 
means of steam coils and sin ling aie needed 
before the sample is drawn from tho tank 
Liquid fuels frequently contain varying pro- 
portions of watei, partly m solution and paitly 
m suspension, and on this account a sample 
drawn from a single ban el is seldom repre- 
sentative o± a consignment of many ban els 
Banels should bo i oiled about to agitate the 
contents thoroughly befoio they aie sampled 

Tho sampling of gaseous fuel vanes greatly 
in method according to tho cncumstantos of 
its ongm and tho object of tho determinations 
of calorific value Obviously if all that is 
needed is an average sample of the output 
of a producing plant, or of the delivery fiom 
storage vessels, different methods will bo 
followed fiom tin sc adopted if samples aie 
lequned with a view to ascertaining the 
extreme fluctuations m caloufie value of tho 
gas produced or delivered It may bo said 
generally, however, that fuel gas supplies vary 
moie m calorific value than might bo expected 
from general knowledge ol the diffusion ol 
gases, and of processes for generating fuel gas 
Even town gas sup [dies, derived from works 
wlieio facilities for mixing and storing appeal 
ample, quito commonly show fluctuations of 

2 to 3 por cent on either side of the mean 
calorific value Other fuel gases, such as 
acetylene piotluoed in gonoratois foi welding 
and cutting purposes, are apt to vary still 
moio m ealonho value, partly owing to vana 
tions in tho purity of the raw maternal used, 
and partly owing to effects incidental to tho 
rate of generation, etc Fortunately a con- 
tinuous supply of fuel gas is generally available 
for calorimetry, and it is a relatively easy 
matter with the typos of gas calm imetor 
commonly m uso to make a number of deter- 
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urinations, and thoteby to ascertain tlio 
fluctuations in value of the gas, as well as to 
eliminate enois due to the taking of casual 
samples 

§ (4) Weighing or Measuring the Sample 
— The poition of either a solid oi a Ik pud 
fuel used for a calorimetric determination 
will usually be weighed, but a gxseous fuel 
is commonly measured and the calorific value 
per unit weight calculated, if required, from 
the specific gravity of the gas The utility 
of determinations of calonftc value of coal, 
coke, etc , is hugely relative to that of other 
lots of similar fuel, and since these fuels con 
tam more 01 less fiee water according to the 
extent to winch they have been exposed to 
ram (01 underground watei) or stoied undoi 
cover, it is essential that the de lei minai 1011 s 
of calorific value should be made on a dried 
sample If tho wator given up in dryiug is 
detei mined, the calorific value of the particular 
lot of coal or coke in the condition m which 
it was when sampled can bo xeadily calculated 
Unless oxpiossiy btatccl otherwise, it is custom- 
ary to express the caloufie value of a solid fuel 
m torms of unit weight of the dried matonal 
Since many coals, when finely giound and 
dried, aie extremely liygioscopic, the pio- 
cautions usually taken in weighing liygr oscopic 
substances must be observed when weighing 
out the poitions for calonmetiy Fuel oils, 
as a rule, contain very little water, but when 
certain giades of tai, crude petroleum, etc , 
are being examined it is necessary to deter- 
mine the water present, which, moi cover, 
frequently varies gieatly in different samples 
taken from the same bulk 

Caseous fuel rs usually measured saturated 
with water at atmospheuc tcmpoiaturo and 
pressure, and tho calonhc value of unit volume 
so measured is collected to refer to unit 
volume m one or other of two standard 
conditions, viz (1) at 0° C , 700 mm and 
dry, which are tho normal conditions foi gas 
measurements in scientific work, or (2) at 
00° Fain , 30 inches and saturated with 
watei vapoui, which are tho nounal conditions 
for tho sale of gas m this country and generally 
lor technical and industrial measuromonts of 
gas The volume of gas in these conditions 
is only one ten-thousandth less than its volume 
at 15° 0, 7G0 mm and saturated, which are 
the conditions m which gas is measured for 
commercial and technical purposes m most 
continental countries 

§ (5) Supply op Oxygen for Combustion 
— The oxygen required for tho combustion of 
the fuel m the calorimeter is obtained m most 
calorimeters for gaseous fuel through a supply 
of atmospheric air, but with solid and liquid 
fuel it is difficult to ensure complete and rapid 
combustion unless the oxygon is supplied m 
a more highly concentrated foim In tho 


early calorimeter -r tho oxygen was furnished 
by potassium nitrate or a similar salt, which 
was intimately mixed with the fuel, but with 
the advent of commercial supplies of oxygen 
compressed m steel cylinders other solutes 
of concentrated oxygen were almost entirely 
displaced m ealonmelry by the oxygen 
cylmdir Without the latter the Rcithelot 
bomb type e>f ealonmeter cemlel not have come 
into general use It is possible, liow oven, to 
dispense with compressed oxygen if it is not 
available, by using a peroxide as a source e>f 
oxygen Sodium pcioxrcle is thus useel ru the 
Roland Wiki fuel calorimeter, but there is m 
tins ease a liberation of heat from the r eat iron 
between the products of combustion and tho 
lcdiucd jror oxide, foi wlut h a deduction has 
to bo made from the total heat measured by 
the ealonmeter The uncertainty as to this 
deduction with fuels of a widely different ratio 
of carbon to hydrogen militates against the 
more general employment m industrial calori- 
metry of this convenient type' of ealonmeter 
((>) Medium for Reception of the 
evolved Heat — Tho heat evolved by the 
combustion of the fuel is absorbed as lai as 
possible by water in nearly all tho more exact 
types of ealonmeter Tho high spooihc heat 
of watei and its universal availability are the 
chief factors m its favoui, but it lias certain 
disadvantages which have led to the adoption 
m a few calonmetcis of other liquids, or of air 
or other gas, for tho absorption and measure- 
ment ot tho heat evolved on the combustion 
of the fuel It may be said broadly, hoMevor, 
that tho calorimeters m winch watoi is dis- 
placed by another liquid or by a gas aie ot 
special and restricted applicability For tarn 
Homi-automalu* and recording calorimeters dis- 
pense with water*, but tho majority of them 
need calibrating against a water ealonmeter 
owing to uncertainty as to tho speer he boat 
of tho liquid or gas winch is used instead of 
wator The wator or other medium is con- 
tained m a glass or metal vessel or* tube, by 
wlueli and the combustion chamber oi burner 
a portion of tho lieat evolved is retained. Jt 
is customary m bomb and other non continuous 
ealonmetois to determine oxponmon tally tho 
mean specific heat of these parts of the oalon- 
meter, and to reckon then heat absorption in 
terms of the weight of wator which would show 
tho same rise of tompeiaturo if tho same 
number of heat units woi o imparted to it This 
is commonly known as tho “ watei -equivalent ” 
of tiro calorimeter, and lias to bo clotoi mined 
for each instrument Its determination by 
present methods introduces an uncertainty m 
the results of bomb calorimetry of nearly 
0 2 por cent In ealonmetois of the flow type 
m which a heat equilibrium becomes established, 
tho analogous uncertainty lit tho results may bo 
reduced to less than 0 1 per cont 
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§ (7) Thermometry — The rise of tempeia- 
ture caused by the combustion of the fuel m 
the calorimeter is usually measuiod by meicuiy 
thermometers, either used directly 01 used as 
reference standaids to check the lecords of 
some other theimometnc device Thus the 
degree of accuracy attainable in fuel calon- 
metiy generally depends ultimately on the 
sensitiveness of the mercury thermometer, 
which when all sources of enor are considered 
and corrections applied cannot be much higher 
than 0 005°, and in most cases even with high- 
class thermometers is not, m reality, higher 
than 0 01° 

The errors m thermometry in connection 
with bomb calonmetry have been fully 
discussed by G N Huntly m the Journal of 
the Society of Chemical Industry , 1910, xxix 
917, and m the Analyst , 1915, xl 41 Briefly, 
the capillary tube errors may amount to, but 
will not exceed, one unit of the divisions if the 
thermometer is used without special calibia 
tion, but this may be reduced to 0 01 division 
or 0 001° by calibration in special cases 
External and internal pressure and tompoiaiy 
depression of zero errois are negligible m the 
conditions of use of thermometers m bomb 
calonmetiy The other errors can best be 
eliminated by determining the watei equivalent 
of the calorimeter with the same weight of 
water at different temperatures, and therefiom 
plotting the appaient water equivalent as a 
function of the temperature In detennmmg 
the water equivalent, a pure substance such as 
benzoic acid or puie cane sugar of which the 
calorific value is accurately known is burned 
in the calorimeter 

The errors m thermometry m connection 
with flow and other calorimeters m which the 
rise of temperature measured is more than 
10° comprise many of the foiegoing, and others, 
such as that for the varying length of stem 
exposed to the atmosphere, which may be 
largely eliminated by appropriate design of 
the calorimeter While the exposure of the 
thermometer stem to the an of the room may 
conceivably m certain calonmeteis account 
for an eiror of as much as 0 1°, it is very rate 
that the eiror is more than one-fifth of this 
amount, owing to the fact that the thermo 
meter stem is usually so situated that its 
temperature is more nearly that of the bulb 
than that of the air of the room The coircction 
which would otherwise be appropriate for the 
exposed stem of the thermometei becomes 
laigely merged in the general conection foi 
radiation and other heat losses from the 
calorimeter itself 

In all calonmetry where readings are made 
on tw r o thermometei s it is essential that the 
thermometei s should be le-standardised at 
intervals of about twelve months until it is 
demonstrated thereby that there is no further 


change of zeio tlnough lapse of time The 
artificial ageing of thu mometoi h, though of 
gieat service, is not always equally elfocfivx, 
and is frequently neglected even with theimo- 
meteis puipoitmg to bo of high giade 

§ (8) Incidental Heat Losses — Radiation 
fiom the mstiumcnt is, with the majonty oi 
types of calonmctei, the most important of 
the incidental heat losses In the bomb typo 
of oalonmeter its effect may bo eliminated 
( i e roduced to not moie than 0 05 pei coni-) 
by the application oi a foimula, deduced fiotn 
Newton’s law of cooling, by Rognault, 
Pfaundlci, and Oussoff Tho following obsoi- 
vations aie needed T,„ the mean tempeiatuio 
of the ealonmotoi , and t„, tho final tcmpeiatm o 
dunng the initial penod , t, the final temper a- 
tuie of tho pimtipal oi combustion pound, 
and T', tho mean tempeiatuie of the calm l- 
metcr dunng the final oi cooling pet lod Then 
if n is tho numbei of minutes in the principal 
poriod, V 0 tho mean loss oi heat m a minute 
dunng tho initial penod, V tho mean loss of 
heat m a minute dunng the pnneipai pound, 
V'tho mean loss of boat m a minute clutmg the 
final period, and R tho sum of the minute 
loadings of tho theimomotei during tho 
principal penod, wo find foi the eon potion 
nV the value 

Foi let q be the rale of loss of heat pei unit ddiei- 
once of tempeiatuie between the ealoumctei and tho 
an, T the air tempciatuu , t v l n the tempera- 

tures of the calorimeter at the ends of the lust, s< ccmtl 
n' minutes , t n is equal to t tlu final tompc mtin< 
The mean temperatures dm mg the fust, second 
»th minutes ate l(l 0 \ l x ), >{/ A | U) \{i u x \ /), 

and by Newton’s law of cooling the loss of he it m 
each minute is 

? (Wo WJ-TJ ,?[>(/, I/,)- Tj 

v i /) t; 

The total loss of heat in the puiuipal pmod ih 
nV Thus adding these quantities 

nV - -<t {(h I l) | J(/ 0 /) n'V] 

-fflrtiK'o-O »Tj 

Also smoe T () is theaveiage temporal me (luring I ho 
initial and T' dunng (ho final pound, 

v <r-«!'i'o Ti.v'-f/{r 'j’l 

Ttino „ V ' V (l 


Substituting these values wo have 

»v=«v 0 I (H I ](/,- t ) - wT 0 j 

irunfly lias pomtod out (be etf ) that foi a given 
instrument, a given class of # fuol, and a constant mti 
of stnung, this formula may he simplified, bmyuso 
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these aic the three conditions v Inch determine the 
shape of the time tcmpeiaturc cm vo, and if they aio 
constant S/T' — T 0 becomes a constant which can bo 
ascertained once for all 

The foregoing formula eliminates also the 
losses due to evaporation, and the gam from 
the development of heat duo to the friction 
of the stirrer The value of the radiation 
conection can he reduced to an amount which 
may be neglected by using m the calorimeter 
water a few degrees lower in temperature 
than the surrounding air This method of 
equalising the heat transfers to and fiom the 
instrument is frequently applied in continuous 
water-flow caloumeters in Older to render un- 
necossaiy special corrections for radiation, etc 

The heat of fusion of the ignition who, and 
the heat of combustion of any cotton 01 
collodion attached to it, aie allowed for, if 
conditions aie kept constant, m the determina- 
tion of the watoi equivalent of the bomb 
calorimeter A certam amount of nitric acid 
is produced fiom the atmospheric nitrogen 
initially in the bomb, or from nitrogen (if any) 
in the fuel, and this is fairly constant for a 
bomb of given capacity used on similar fuols 
with the same oxygen pressuie, etc It will 
be responsible for a liberation of 3 to 12 calories, 
according to circumstances, and is deducted 
from the observed calorific value in all tho 
more accuiate calorimetric woik A little 
watoi is put in tho bomb befoie it is closed, 
and this absoibs the nitric acid f mined, which 
is subsequently dotei mined by titration with 
standard alkali, and the necossaiy deduction 
calculated accordingly If tho fuel contains 
sulphui, the latter is oxidised m tho bomb 
wholly to tho trioxide, which is absoibod by 
the water therein It is customary to assume 
that m tho combustion of fuel m grates and 
furnaces, sulphur is oxidised to sulphur 
dioxide only, and a deduction is accordingly 
made from tho obscived calonfic value m 
respect of tho additional heat developed 
m the bomb from the sulphur Tho propor- 
tion of sulpliui pi esent is ascertained by a 
detoimmation of the sulphuric acid m tho 
water contamed m the bomb The assump- 
tion that sulphur m fuel, e q coal, when the 
latter is consumed m a furnace, is oxidised 
to sulphur dioxide only is now known to bo 
moorioct, as sulphur inoxido is always formed 
also — moie or less according to tho furnace 
conditions, etc It is, on the whole, bettor to 
omit the sulphur conection, as, at least m some 
uses of a fuel, it is possible that very nearly tho 
whole of tho sulphur is burnt to the trioxido 
§ (0) Details oe Manipulatioh — Tho 
piincipal corrections and sources of orroi m 
fuel calonmetry, with the Berthelot bomb 
m particular, have been enumerated, and it is 
only nocessaiy m regard to determinations 
of calorific value with tho bomb to refer to 


one or two points m its manipulation with 
diifercnt types of fuels It is usually filled 
with oxygen to a picsaure of 25 atmospheres, 
but higher pic asui es aio used with a view 
to securing complete combustion of coke, 
anthracite, and other not readily combustible 
fuels The platinum oi gold lining of tho 
Beitholot bomb is icplaced m the Mahloi 
and othci industrial types by an enamel 
lining, which docs not aflcct the accuracy of 
tho results obtained so long as it romains sound, 
but it needs renewal from tirao to time Tho 
capacity of tho bombs foi industrial use is 
generally appreciably greater than that of 
tho platinum lined Beitholot bomb, reaching 
as much as 750 c e as compared with 250 to 
GOO c c for the latter 

§ (10) Highly Volatite Liquids — Tho 
detoimmation m tho bomb of tho calonfic 
value of highly volatilo liquid fuols, such as 
potrol, benzol, and, m particular, tho motoi- 
spmts pioducod by tho cracking of heavy 
mmeral oil, cte , is a problem presenting special 
difficulties Tho partial volatilisation ot such 
liquids m tho bomb loads to oiroi m the results, 
duo partly to tho heat of evaporation of an 
uncot tain proportion of tho substance and 
partly to me omploto combustion of tho vapour 
Beitholot’ s method of weighing out tho volatilo 
liquid m a small glass bulb which is sealed, 
oi m a tiny tlun glass flask with giound-m 
stopper, and placing round this in tho bomb 
a known weight of camphor, naphthalene, oi 
other combustible of kmrwn calonfic value, 
answers ‘well Tho ignition and combustion 
of tho camphoi expels tho liquid, which is 
forthwith completely burnt A less satis- 
fdcboiy alternative, also suggested by Beitholot, 
is tho uso of a capsule of collodion, into winch 
tho ignition who passes, fox containing tho 
volatile liquid, which is then burned without 
tho addition of camphoi, etc Some workers 
substitute celluloid for collodion. 

Tho calonfic value ot highly volatilo liquids 
may also bo determined, if thou* latent heat 
of evaporation has boon ascertained, by com- 
bustion of tho vapour m a special lamp or 
burner m ono of tho forms of flow calorimeter 
used for gaseous fuels, and this is tho host 
method when largo numbers oi determinations 
have to bo made on difloiont samplers of 
volatilo liquid, eg motor spmt 

§ (11) WATMl-KLOW (I AS 0 A LOIUM3QT TOTIS — 
The most wicloly known of tho oaiiy forms of 
watoi -flow gas calorimeter is that ot Junkers, 
which, Iiowovot, rosomblos m principle an 
instrument designed earlier by J lartloy These 
caloumeters and subsequent modifications 
of thorn consist of an assembly of parallel 
vortical condenser tubes, down tho interior 
of which pass tho products of combustion fu* 
a gas burner, while water flows upwards r <■ 
their exterior. Tho gas burnor is in" , 
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centre of the vciticai cylindrical space formed 
by the annulai watei chamber of the con- 
denser, which vatei chamber extends mwaids 
at the top and foims a loof ovei the burner 
chamber The gas is burned at a uniform 
rate, measured by an experimental metei 
of the wet type, and the rate of flow of the 
water, which forms a counter cui rent to the 
gaseous products of combustion, is also 
uniform and is measured The difference 
between the mlet and outlet temperatures 
of the watei flowing through the instrument 
affoids a measure of the calonfie value of the 
gas, since the quantities of watei and of gas 
supplied to it m any convenient mteival of 
time are known Another foim of water- 
flow calorimeter, designed by C V Boys, has 
the water flowing through a continuous coil of 
tube, the heat absorbing surface of which is 
mci eased by coils of Clarkson wire or discs 
joined to it by tin or soldei, while tho pioducts 
of combustion pass m a counter cuiront 
through the annular spaces in which the tube 
is coiled The Boys calorimeter is the stand- 
ard instrument prescubed by the gas referees 
for ascertaining the calonfie value of town 
gas supplies m the United Kingdom 

Various modifications of the Hartley, 
Junkers, and Boys calonmetois have been 
introduced, especially m the United States 
of America, mostly with the object of eliminat- 
ing possible sources of small errors, for which 
corrections can be readily mkoduced wheiever 
the degree of accuracy of the determination 
m other respects wai rants it Many of these 
ciiors aie wiped out automatically if the 
testings are made m a loom of uniform 
temperature, and with the water supply to 
the instrument at a very slightly lower 
temperature than the air of the room Since 
there is a contraction of volume on tho com- 
bustion of most gases, an error is introduced 
if both the gas and the air supplied for its 
combustion are fully saturated with water 
vapour, due to the heat of vaporisation of 
tho water vapour condensed from the lost 
volume being added to the heat directly 
resulting fiom tho combustion of the gas 
Atmospheric conditions of tempeiature and 
humidity in the United Kingdom are, as a 
rule, such that the lesults obtained with a 
gas calorimeter supplied with air which has 
not been artificially humidified need very little, 
if any, correction on account of the humidity 
of tho air and the contraction on combustion 
Errors of thermometry, as already men- 
tioned, are common to nearly all types of fuel 
calorimeters, and can bo eliminated m gas 
calorimetry by the usual precautions and cor- 
rections Errors due to radiation and con- 
vection currents vaiy with the form of tho gas 
calorimeter, and if the calorimeter room is of 
fairly uniform tompoiature, can be eliminated 


by the use of a collection factoi, which vanes 
slightly with the room and water temperature s 
It can be determined experimentally loi a 
particular set of working conditions 

The enois of the calonmetiy piopei aie 
commonly of smalloi dimensions than the 
eiroi of measurement of tho gas burnt m 
the calorimotei This mea&uiomeni has ordin- 
arily a minimum enor of one thud of 1 pci 
cent cither way, but it is quite easy to reduce 
this enoi to about ±0 2 poi cent, which may 
bo taken as the possible enoi m tho calon- 
metiy proper when all ordinary precautions 
aie observed In special conditions and with 
exceptional piocautions, tho aggie gale enoi 
m gas calorimetry, including tho cum of gas 
measurement, ncod not exceed ±0 2 pei cent 
§(12) Recording Oalorimbtmis — Calon- 
metors for producing a continuous xecoid of 
the calorific value of gas have been made fm 
some years past by Junkers and othois, and m 
the United Kingdom tho gas icier cos aie now 
lequiied by the Gas Regulation Act to pre- 
scribe a iocoidmg calonmotci foi testing 
continuously tho calonfie value of the gas 
supplied to consumeis in all tho laigoi towns 
As a fact, however, up to tho time of wilting, 
no lccording gas calorimeter lias been approved 
as of a sufficiently high degico of accuiaey and 
trustworthiness for use m such official test mgs 
Tho design of an instrument which will meet 
these conditions is now eai nestly engaging tho 
attention of physicists, and sovoial patterns 
aie already on trial A recording gas calori- 
meter should embody means foi (l) furnish- 
ing a flow of gas to a burner at a known and 
constant rate, m twins of unit volume at 
normal tompoiatuio, piessuio, and humidity, 
n respective of fluctuations m tho tempera- 
ture, absolute piessuio, and density ol tho 
gas , (2) furnishing a flow of water through 
the calorimeter at a known constant late, 
irrespective of fluctuations m its temper aim o 
(and of tho consequent fluctuations m its 
viscosity), salinity or hardness, and content 
of dissolved gases, and (3) moasuimg tho 
difference m temper aturo ol tho water ontoimg 
and leaving tho calorimeter, and recording on 
a sufficiently open chait tho product of it and 
the factoi which for tho given rates of flow 
of water and gas gives tho calonfie value of 
unit volume of tho gas 

There aio mmoi points, such as tho effect 
of varying humidity of tho arr supplied for 
combustion of the gas, which have to bo bomo 
in mind m tho constiuction of an ideal iocoi cl- 
ing gas calorimeter It is a comparatively 
easy matter to design an instrument which 
will afford a fairly preciso loctud for, say, 
24 hours, at the beginning and end of whic h 
penod its indications aie chocked by personal 
observations The problem now is to closign a 
recordmg calorimeter which will automakcally 
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f J VUI 1 OI- CVLOKII-IO Valuis 



Avluujo 

1 1 nn of 


( limits 

Datuinmu 


pU Kill) 

tion L limits 

Anthracite (chy) 

8,300 

J 15 

Admirilty Smoktltss Steam 
Coal (chy) 

8,250 

4 15 

Bituminous Steam Coal (dry) 

8,000 

±15 

Bituminous Gas Goal (chy) 

7,800 

± 15 

Scotch Splint Goal for blast 
furnaces (dry) 

7,400 

1-15 

Puiliam Oven Goke (diy) 

7,000 

4 15 

Gas Coke (dry) 

7,400 

115 

Peat (an dried, 20 pci cult 
of watei) 

4,200 

±10 

Heavy Petroleum, for boiler 
filing and Diesels 

10,700 

1-15 

Keioseno 

11 000 

+ 15 

Petrol 

11,100 

±20 

Bcn/ol, motoi spmt grade 

10,000 

-1 20 

Alcohol (Methyl itod Spmt) 

(>,400 

-1 15 

Gases measured at C0° F , 10 in and saturated 

Goal Gis (South Metio 

( aim its 
liu ( ul>i< 
Fuut 


politan Gas Go , 1021) 
Town Gas m Greit Butun 
(avciagc), 1021 

110 

10 30 

120 

±0 25 

Watei Gas, uncaibuiettcd 

75 

±0 20 

Mond Gas (South Station! 
alnrc ) 

38 

10 10 

Suction Pioduccr Gas, from 
antlu icito 

35 

+ 0 10 

Pioducci G is, fiom gis coko 

37 

1 0 10 

Oil Gas, aftei compulsion. 

275 

4 0 50 


make all necessary adjustments and give a 
tiustwoithy H‘( oid throughout a longer ponod, 
say 8 or 14 days 

ij (13) Calorific Values of certain 
Fuels — The accompanying table gives typical 
oi avoiage ic suits for the caloniic value ot 
samples ol vanous mdustiial fuels, with tlio 
approximate on or of the cletemunatLon by 
the best methods and opeiatois m the case of 
a patticulai example The maigm of difloi- 
once between the ealonbe values of difleiont 
samples of the same (lass of fuel is, of course, 
very much laigoi than tins cnox of detei- 
mmation w J A b 


Fuels for Petrol Engines See “ Petiol 
Engine, The Watei -tooled,” $5 (5) 

Function, Unknown, Fxf mu mental Deter- 
mination of, when the non dimensional 
vanablos connected by the unknown 
junction have been distoveied by the 
method of dimensions See “ Dynamical 
Smulauty, The Pnnciples of,” § (31) 
Function, Unknown, Moke Accurate De- 
termination of, by dynamical similauty, 
in the case of beat loss liom long cnculai 
wires past which an is stieammg See 
“ Dynamical Similauty, The Pimuples of,” 
§ (33) 

Fusion, Latent Heat of a toim ubcc! to 
denote tho quantity of heat icquiied to 
convent unit mass of a solid at the melting 
point into liquid at the same tempeiatme 
Hoc “ Latent Heat,” 11 


G 


Gaede Rotary Pump Sec “ An -pumps,” 
§(17) 

Gamma, tiie Ratio of Specific II fats of 
Gases, at constant pleasure and at constant 
volume See u Fngmcs, Thermodynamics 
of Internal Combustion,” § (10) (u ) , 

<c Thermodynamics,” § (15) 

GAS CALORIMETER 

§ ( 1 ) Introductory — To measure tho beat 
of combustion of gas some form of how 
calonmotei is usually employed The gaa is 
burned at a measured rate in a special burner, 
which is suriounded by a coil ot metal tubing 
through which thcio is a steady and con 
tmuous flow of water The apparatus is so 
arranged that tho products of combustion as 
they rise from the bumex give up practically 
the wholo ol their heat to tho watei An 
increase m tho temperature of tins wator is 
thus produced, and by measuring this increase 
and tho total how when the tempeiatures have 


become steady, tho heat pioducod can ho 
calculated In some forms oi apparatus an 
is used in place oi water 
It is ucHCHHary to wart until a steady state 
has been i cached, for when the apparatus 
is lust started much of the heat is used m 
laismg tho tompoiatuio of the calorimeter 
itself Tho fundamental quantities which it 
is necessary to know are the late of (low of 
tho gas, tho quantity of water passing m a 
given time, and tho cUJloroneo m tompoiatuio 
between the mllowmg and tho outilowiug 
watei Corrections are required, as closer ibod 
m tho article on “ Fuel Oalonmotiy,” for the 
loss oi boat by radiation from the calorimeter 
and for the boat given out by tho steam 
funned by the combustion m condensing to 
wator The escaping pi oduets of combustion, 
moreover, may be either warmer or oooloi 
than the gas and air ontonng tho calorimeter , 
they may occupy a smaller volume and aio 
saturated with watei vapour. Thoy may 
thorofoio contain a small quantity of heat 
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due to combustion, which must be added to 
that found from the flow of watei, 01 if the 
temperatuie of the watei is low they may give 
up heat not due to the combustion, and this 
must be subtracted from the calorific value 
found from the flow and rise of temperature 
of the water 

§ (2) The Standard Calorimeter oe the 
Gas Referees — In Fig 1 is shown the Boys 
Gas Calorimeter , the standaid instrument 
authorised for use by the Gas Referees The 
calorimeter is composed of three parts (1) The 
base A, which carries a pair of steatite burners 
B and a regulatmg tap The upper surface 



Pig l 


of the base is covered by a plate of metal, 
perforated at the centre and held m place by 
three centnng blocks C Below the plate is 
a lecess the bottom of which is covered by 
felt, and six holes Z drilled m the base give 
communication with the outer an A tube 
X of fibie conducts the air to the base of tho 
burners 

(2) An annular copper vessel D, jacketed 
by felt R and protected by an outer covering 
S, rests on tho blocks C and is centred by them , 
the mtenoi surface of this vessel forms a 
chimney E, it is also fitted with a con- 
densed water drip F Air enters between the 
blocks C 

(3) The top of this vessel D is closed by 
the hd G, to which is attached the water 
circulating system of the calorimeter The 
water enters at 0 through an mlet box which 


contains the theimomctoi by w lnt h its temper a- 
tuie is measuied 

In or del to maintain a uni hum flow the 
water-supply comes from an overflow funnel 
fixed to tho wall at a height of about one 
metre above the base of tho caloumctei A 
tube leads from this funnel to tho miot pipe 
of the calonmetoi, and in tins tubo is <i dia- 
phragm with a hole about 2 3 mm m dianietoi 
A second tubo is connected to the water- 
supply through a legulatmg tap, while a thud 
tube, tho open end of which is at a height of 
about two inches above the bottom of tho 
funnel, is connected to tho wasto sink The 
tap is opened until there is a slight tin Mo 
of watei through tins thud pipe , Hum a 
constant head is pioseivod 

The water circulates through a helix of 
coppei tubing to the bottom of tho calon- 
metei and then up again to the top, whole 
it enters a temperature equalising box I L ; 
hence it passes through bailies to tho out- 
flow box P , this contains the sot ond ther- 
momotei, by which tho tompeiatmo of tho 
outflowing water is measuied bofoio it finally 
escapes as indicated m tho figure Between 
the outer and inner coils M and N is plat ed 
a hi attic o or annulai partition Q contain mg 
cork dust so as to act as a heat insulator , tho 
top of this is closed m an an-tight maiuici 
by a wooden ring which pi events tho access 
of moisture to tho cork 

Tho products of combustion use m tho 
chimney E, then pass clown over tho coiIh M 
between tho chimney and tho lunoi siulaeo 
of the brattice, rising again m tho annular 
spaco between its outoi surface and the 
inside of the vessel JD, and finally escape 
through a number of holes m the hd, then 
temperature being measured by a thenuomotor 
fitted, as shown at G, Cot this purpose Thou 
heat is given up to tho waLei cneulatmg m tho 
coils, and its amount is measuied by tho use 
m tempeiatiuo of tins vatei as mditakul by 
tho differ once between tho thermomotorH 0 
and V 

Tho steam foimcd by tho combustion is 
condensed by its passage over the coils, and 
tho water of condensation escapes by tho 
outlet F and is measuied 

§ (3) Method of Rmuciument — Tn ear ey- 
ing out an oxpoumont tho gas is fed to tho 
humor through a motor and a piesHiuo regu- 
lator Tho tap of tho ealorrmotoi is regulated 
so that tho motei hand makes one revolution 
m fiom CO to 75 seconds. Tho watei is all< >wc cl 
to flow through tho calorimeter and tho gas 
lighted , the whole is left for not less than 
30 minutes for tho temperatures to become 
steady, the thermometers being lead from 
time to time Tho escaping water passon into 
a change-over funnel, the position of which 
can be lapidly altered so as to direct tho flow 
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either into a measuring flask suitably plated 
to receive it, oi to a waste watei sink, dm mg 
the preliminary interval the water runs to 
waste As the metei hand approaches division 
75, after the tcmpei atures have become steady, 
the ob&ervei leads the inlet tempeiatuio , as 
the hand passes the 100 maik ho shifts the 
change-over funnel so as to dnect the flow 
into the measuimg flask, and staits a stop- 
natch As the hand passes division 25 he 
leads the outlet temperature At each 
quarter turn after waids the outlet tempera- 
ture is read until fifteen readings havo been 
taken , the hand is then at 75, as it jesses 
division 100 foi tho fifth time — ? c after fom 
complete turns — tho change over funnel is 
shifted and the stop-watch stopped At each 
turn of the meter except tho last, when tho 
hand is between 75 and 100, the tempeiaturo 
of the inlet water is xeael , thus theio aio fom 
readings of this tompeiature Immediately 
after tho flow has been directed to tho waste, 
tho temper atm cs of tho gas anel air supply 
anel of the effluent gases are read, the baio- 
motei leading, and also the leadings of the 
wet and ehy bulb theimometers, useel to 
deter mmo the hygioinotnc stato of the an, 
aie also taken, and tho amount of water of 
condensation which has escaped from tho 
outflow E is noted 

The difference between tho moan of tho 
fifteen outlet tempeiatmes and that of the 
fom inlet tempeiatmes gives tho use of 
tempeiatuio of the water , tho quantity which 
has passed is known from tho indications of 
tho mcasunng flask Tho product of these 
two quantities measured in piopei units 
gives the total heat produced — this, as already 
indicated, needs certain corrections , if the 
thermometeis aio divided m centigrade degrees 
and the measuring vessel m cubic centimetres, 
the result is m calories Tho meters employed 
under tho Gas Referees’ regulations allow 
ono-twolfth of a cubic foot of gas measmod 
at a tomperaturo of 60° E and a prossuio of 30 
inches of morcuiy to pass in each i evolution, 
and when m use tho time of a revolution 
should be about one minute If the piessuio 
and temperature at tho time of observation 
have not these standard values, tho motor 
loadings require correction This is facili- 
tated by a table given m tho Notification of 
tho Gas Referees, 1 to which the leader is 
lefeired foi further particulars, including 
details as to the application of the vanous 
corrections 

The measuring vessel is a flask with a com- 
paratively narrow neck graduated from 1000 
to 2400 c c In tho orclmary uso of tho caloi i- 
meter tho amount of water passing m four 
minutes should he adjusted so as to ho suffi- 

1 Metropolis Gas, Notification of the Gas Referees for 
the year 1'tth II M, Stationery Olllco 


eicnt to fill it above the lowest gi actuation, 
but insufficient m live minutes to come above 
the highest division This flask must ho eei ti- 
ffed by tho Rcioiocs , tho regulations also 
require that tho meter should be chocked 
fiom time to time, and instructions aio given 
us to the uso of tho wot and diy bulb thoi- 
mometeis employed to measmo tho hygio- 
moti ic stato of tho an 

^ (4) Recording Calorimeters — As ex- 
plained m tho aiticlo on “ Enel C'alonmotiy,” 
tho Gas Refcicos aio required to pi escribe a 
moulding calonmctei foi testing continuously 
tho calonlic value of gas supplied in tho laigei 
towns, and vanous invcstigatois aio at work 
on tho problem At tho piesont timo no 
instrument has been ptesmheci Among tho 
msti aments already produced aio tho Sim- 
maneo and tho Thomas locoulor 

§ (5) Si mman on’s Tot\l Heat Recording 
Caloiumllur — Tins instrument consists, 
as any such apparatus must, ol two pails, 
tho caloi mietei pi opoi and tho locouhng 
devit o, tho caloiimotoi is a flow caloi imotei, 
modified, as will ho described shortly, 
tho ioc oul is obtained ft mn a cuivo which 
gives continuously tho tcmpoiatuio differ- 
ent o between tho inflowing and outflowing 
water T£ tho gas ho supplied at a con- 
stant known lato conceded for pressure, 
temperature, and humidity, and the water 
flow also .it a known uniform late, tho toin- 
poiafuio differenco measures tiro hoat pioduced 
by tho combustion 

Tho gas is supplied through a prossuio regu- 
lator to tho metei , it passes through a speci- 
ally const! noted governor placed Homo tlueo 
foot above tho caloiimotoi, and them through 
a vortical non pipe to tho humor, whence it 
issues at tho prossuio of tho atmosphoio m 
tho combustion space Any change in tho 
density of tho gas or m tho atmospheric- pios- 
suio causes a change m tho piessuio under 
tho bell of tho governor, and tho movement 
which occurs operates a valvo, thus chocking 
oi mci easing tho flow of gas to tho burner It 
is claimed that tho rate of efflux from the 
buruoi ouhoo is thus regulated and i omains 
constant whatever the density of tho gas may 
ho In a report on tho instrument recently 
issued by tho Department of Hcioutilio and 
Industrial Research a it is stated (p 22) ** that 
the claim that tho gravity motoi automatically 
applies a correction for tho varying prossuio 
of tho gas is substantially tmo ” 

Arrangements are made whereby tho arr 
supplied foi combustion is maintained at tho 
tompoiatiuo of the cold wator and is satuialocl 
at that tompeiature, while tho products of 

8 Fuel lloHcardi ’Rom cl, Technical Paper No 2, 
Report on the Rimma nee Total Heat llecouhno 
Calorimeter, by Thoa Gray and Alfred Bladdo II M 
Stationery Office 
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combustion escape at a temperatuie about 
1° o above this The water enters the calori- 
meter tubes under a constant head, and the 
flow is controlled by a needle valve enabling a 
flne adjustment to be made In this manner 
a uniform flow both of gas and water is 
secured 

The temperature difference is measured by 
a differential air theimometer, the inlet and 
outlet boxes each respectively contain, m 
addition to the oidmary theimometers, a thm- 
walled coppei box , each of these is connected 
by capillary copper tubing to one of a pan 
of aneroid bellows, they thus form the bulbs 
of a differential air thermometer The two 
bellows are rigidly coupled by a connecting 
rod , thus the position of the rod depends on the 
difference of pressure of the air m the two 
bellows, and the rod moves as this pressure 
difference vanes 

Changes in the pressure difference aie in- 
dicated by a suitable mechanism attached to 
the rod and recorded by a pen on a moving 
chart Before starting the calorimeter, when 
the whole apparatus is at one temperature, a 
connection is opened between the bellows so 
that the pressures m the two are equal , the 
connection is then closed and the apparatus 
started , as one of the two copper boxes is 
heated the pressure of the enclosed air rises 
proportionately to the rise of temperature, 
and hence the mechanism indicates the tem- 
perature diffeience between the outflowing and 
inflowing streams 

If the chart moves uniformly and the watei 
flow is also mamtamed at a uniform late, the 
ordinates of the curve traced measuio the total 
heat produced 

The calorimeter is put into adjustment by 
determmmg the calorific value of the fuel 
m the ordinary way by the aid of the ther- 
mometers provided with the instrument , 
the pen is then set at this value collected to 
normal pressure and temperatuie, and the 
instrument gives a continuous lecoid 

The leport already quoted concludes with 
the statement that “ the variation of tho 
recorder seldom exceeded 2 per cent, notwith- 
standing the fact that the tempeiaturo of tho 
air and water were not aitificially controlled, 
and there is a prospect that the limits of orroi 
may be substantially reduced ” 

§ (6) Tun Thomas Recording Calorimeter 
— In this instrument the cooling medium is 
air, not water , the gas is burned m a closed 
space , the products of combustion pass dow 11 - 
wards through a tube surrounding the burner 
The tube is surrounded by a second tube 
through which a stream of coolmg air passes 
upwards , this tube is open at the toj), but is 
covered by a cap w T hich forces the cooling 
air to flow back outside the tube, and 
finally to escape into the atmosphere The 


diffeience of tcmpciatmc betwcon tho in- 
coming and outgoing air is lecoided by tho 
instrument, and the late of flow homo- 
known, and also the spec die heat of an , 
the total heat pioduced by tho combustion, 
is obtained 

Tho temperatuie chffeionco is measuied by 
two resistance thonnomoteis connected to a 
special form of Wheatstone’s budge in such a 
mannei that tho difleienco between tho two 
resistances is h untied, tho galvanometoi of 
the budge acts as relay actuating the iccordmg 
mechanism The gas to bo tested, tho an 
required for combustion, and tho cooling alt 
are supplied thiough thioo wet motois, which 
aie connected togcthei m such a way that 
the quantities supplied bcai a constant xatio 
to each other These metcis aie paitially 
submerged in watei in a huge tank, and tho 
air supply is diawn hum abovo tho water 
in the tank it is thus satin atod at tho |)i ca- 
sino and tcmpoiatmo of tho tank Tho gas 
supply passes thiough a govomoi which is also 
submerged m tho tank , it is suhjec t, then of 010 , 
to tho same changes of picssuio and temper a- 
tuie as tho cooling an 

Since the quantities of gas burned and of 
an employed to cool tho products of combus- 
tion to then initial tempeiatuic bear a con- 
stant ratio to each other, tho nso of tompoia- 
ture is a measuio of tho total heat produced 
independently of tho late of flow The gas 
and the an loquiied for its combustion aie 
supplied m proper quantities by tho respective 
meters and mix 111 a mixing chain hoi before 
they 1 each tho bumei 

The apparatus is set by burning gas of which 
tho calorific value has boon dotoi mured in- 
dependently , it will then record variations 111 
the calonfic power 

Gas-constant Tho ratio of tho product of 
the pressure and volume of any gas to its 
absoluto tomperatuio which is a constant 
quantity if tho gas laws aie assumed to hold 
stnctly Its value if" p is measured m 
atmospheres and ?; m cubic centi motion is 
82 04 Seo “ Tlroi modynamu s,” (b) 

Gas-dtsplaoempnt (IIuMPimE’v) Pump Heo 
“ Hydraulics,” ^ (12) 

Gas Engines 

Relation of weight to power in »Seo 
“ Engines, Internal Combustion,” § (7) 
Types of See ibid § (4) 

Gas Laws, Deviations iuiom tiie, vairous 
methods of expressing See “ Thermal 
Expansion,” § (25) 

Gas-soale Corrections at temperatures of 
-100°, 50°, 400°, 1000°, comparison of, m 
thousandths of a dcgiee, tabulated .Seo 
“ Tempeiaturo, Realisation of Absoluto fchalo 
of,” § (20), Tables 5, 6, 7, 8 
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Gas Scale of Temperature 

Correction to See “ Thcimometiy,” § (5) 
Measure of Tempeiature by See “ Tlioimo- 
dynamics,” § (4) , “ Engines, Thermo 

dynamics of Internal Combustion,” § (8) 
Gas Thermometer, the Actual See 
£C Temperature, Realisation of Absolute 
Scale of,” § (8) 

Gases 

Kinetic Theory of See c£ Thermo- 
dynamics,” § (G6) For Expansion of 
Gases see also § (1) of same aiticlc 
Methods of measui mg Thermal Conduc- 
tivity of Cooling Thermometer Method 
— Hot Wne Method — Film Method See 
“ Heat, Conduction of,” § (8) 

Relation of Thoimal Conductivity, Viscosity, 
and Specific Heat See ibid § (10) (m ) 
Thermal Conductivity of Mixture Sco 
ibicl § (10) (m ) 

Values of Thermal Conductivity of See 
ibid Table V 

Gases, Specific Heats of 
By Electrical Methods See “ Calorimetry, 
Electrical Methods of,” § (13) 

Determined by the “ Method of Mixtures ” 
See “ Calorimetry, Method of Mixtures,” 

§(14) 

At High Temperatures See ibid § (IG) 
Variation of, with Tempeiature and Pressure 
(over moderate ranges) See ibid § (15) 

v 

GASES, SPECIFIC HEATS OF, AT HIGH 
TEMPERATURES 

§ (1) Introduction — An increase m the in- 
ternal energy of a gas may be accompanied 
not only by an increase m the hnoar and 
rotational kinetic eneigy of the molecules as 
a whole, but also (except for monatomic gases) 
by an increase m the mtra-molooulai energy of 
vibiation ol tho atoms This energy taken up 
in atomic vibration might bo oxpcctod to 
increase with the temperature, thus loading to 
a grcatoi increase of internal energy pei degree 
use of temperature, or m othoi woicts a lughoi 
molecular thermal capacity or volumotuo boat, 
at constant volume 

All gases wlueh aio not monatomic do m 
fact show a specific heat increasing with tho 
temped aturo Tho monatomic gases should, 
according to the kinetic thorny of gases, all 
have a volumetric heat which is independent 
of the temperature and equal to jjR, whore R 
is the absolute gas constant = 1 987 cal per 
giam mol Morcovor 7, tho ratio of tho 
volumetric heats at constant pressure and 
volume, should be 1 66 Both these results 
have been verified experimentally Kundt 
and Warburg found 7 for mercury vapour 
1 G7 and Ramsay found it for argon 1 659 
and for helium I G52 Pier has measured tho 
volumetric heat of argon up to 2000° C by 


explosion experiments with oxygon and hydro- 
gen, and up to this tempeiature could find no 
sensible vanation from the theoretical valuo 
2 98 cal pei giam molecule 
In the case of a porfoct gas there can bo 110 
variation of volumotuo boat with the pressure, 
since 



and tho light-hand side ol each oquaiion is 
zojo if pv and T occur 111 tho chaiacteiistic 
equation m the fust degree only In the caso 
of an Witkowslu found that Ov and C p in- 
creased with tho pressure when tho tompoia- 
tuio was constant, but tho vanation only 
becomes largo at veiy low tempei aturos, and 
above 0° G the volumotuo heats aio neaily 
independent of tho pressure Eor tho three 
diatomic gasos N a , O,, and CO, which are of 
mipoitaneo in connection with internal com- 
bustion engines, it may safely bo assumed 
that C 2 , and 0„ ato independent of tho pressure 
for tho range of temperature 100° C -3000° 0 

It has boon suggested 1 that tho volumotuo 
boats of 0(1* and ILO may bo dependent to 
an appreciable extent on pressure as well as on 
tompciatuio and that they will dimmish for 
any given tompciatuio tho groatci tho donsiiy 
This is tho reverse of wluit has boon obaoivcd 
at low tompoiatuies, and, as shown below, it 
scorns unlikely that, -with 0<L at any rate, 
it is so to any sensible extent for tho tem- 
poiatuics of 1000° 0 and upwards with which 
one is clnefiy concerned In tho caso of supei- 
heatod steam, loi which tho entic.il tompoia- 
tuio is 3G5° 0 , tho experiments of Knoblauch 
and M0II101 liavo shown cone lusively that tho 
volumotuo heats increase considerably with 
tho pressure foi temperatures up to 500° (J 
Jfiobebly there is some vanation with pressure 
above this tompoiature, but the amount is 
likely to bo too small to be of any mipoitaneo 
m internal combustion engines according to 
Knoblauch and Jacob tho vanation of Op 
between 2 and 8 atmospheres at 500° 0 is 
only about 0 G per cent, and this will piobably 
dimmish lapully as the temperature gets well 
above tho critical tompoiatuio Hmco tho 
outioal tempeiature of CJO a is some 330° 0 
lower than watoi, it seems very improbable 
that its volumotuo heats vary appreciably with 
tho pressure at gas-engine temperatures. 

§ (2) Methods of M fasurement — At- 
tempts to measure tho volumotuo heats of 
an, C0 2 , and I1 2 0 at high lomporaturoa have 
boon of throe types 

(1 ) Constant pressure experiments, m winch 
tho gas is boated externally, usually at atmo- 
spheric pressure 

1 W. T David, Phil Mag xxxix 551 
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(n) Experiments m winch, the change of 
mean tempexatuio of a mass of gas is measured 
\> hile a known amount of work is done on or 
by the gas The change of temperature is 
calculated fiom the change of pressure, as 
measured on an indicator diagram 

(m ) Explosion experiments, the gases being 
kept at constant volume 

The principal measurements m the constant 
piessuie class (1 ) have been made byRegnault, 1 
Wiedeman, 2 Iiolborn and Austen, 3 Iiolborn 
and Hennmg, 4 and Swann 5 , those of class ( 11 ) 
by Dugald Clerk 6 , and those of class (m ) by 
Mallard and Le Chateher, 7 Langen, 8 and more 
recently by Pier 9 and Bjerium 10 
In April 1908 the late Professor B Hop- 
kmson gave, 11 in his paper on “ The Thermal 
Efficiency of Gas Engines,” a curve of internal 
energy and temperatuie for the working fluid 
in his engine compiled from the best data at 
that time available In September of the 
same year the Committee appointed by the 
British Association to investigate “ Gaseous 
Explosions, with Special Reference to Tempera- 
ture,” made its first report In this a valuable 
summary of the position of knowledge at that 
date as regards specific heats of gases at high 
temperature is given, together with a careful 
criticism of the probable accuracy of the vari- 
ous methods of experiment 
(i ) Constant Pressure Experiments — The 
highest temperature leached in experiments 
of the constant pressure type is 1400° G, 
by Holborn and Henning, 1 and it is doubtful 
whether anything higher could usefully be 
attempted owing to the veiy great techmcal 
difficulty of carrying out constant pressure ex- 
periments at these high temperatures 12 Since 
1908 the results of Swann’s experiments on 
air and C0 2 have been published, and although 
they were only made at 20° and 100° C they 
are important as giving a reliable datum-line 
figure for the volumetric heats at ordinary 
temperatures The Gaseous Explosions Com- 
mittee accepted Swann’s values as correct to 
I per cent, as follows 

At 20° 0 At 100° C 

Air 5 0 Cal per gr mol 

Carbon dioxide G 93 7 76 „ „ 


(n ) ClerV s Experiments 13 — The experiments 
of Clerk (class n ) cover about the same 


1 Mdmoires de VAcaddime, Jan 2G, 18G2 

2 Ann der Physil , 1876, chn 

3 IFm Abhandl der Reichsanstcilt 1905, iv 

4 Ami det Physil, 1907, x\m 899 

5 Proc Roy & oc A, 1909, lxxxn 

6 Ibid A , lwvu 

7 Ami des Mines , 1883 

8 Zeit des Ver Dentschen big , 1903, xlvil 

9 Zeit fur JBkltrochem , 1909, \v 53G , 1910. xvi 
897 


10 Zeit fur J)hys Chem , 1912, l\\i\ , and Zeit 
fur Bhltrochem, 1911, \\n 731, 1912, xvm 101 

11 Proc Inst Mech Eng , 1908 

13 Tor details see “ Calorimetry” Method of Mix- 
tures, § (10), Electrical Methods, § (13) 

13 See also " Engines, Internal Combustion/’ § (74) 


range of tempeiatuio as those of Iiolborn uicl 
Henning and gave Jesuits about H) poL c < no 
higher loi the mem volumetric heat Tho 
accuracy of results from these expeumonts 
depends voiy lugely on a collect allocation 
of heat loss to tho cylinder walls between tho 
completion and expulsion strokes Clink 
hist assumed tho loss during the two strokes 
to be the sumo except foi tho dtlloienco ol 
mean tempeiatuio ol the gas, but this is now 
known to bo veiy fai liom tine, and tho 
dilfeience accounts m part 1m tho high values 
obtained foi the volumetric heat In older 
to obtain rohablo Jesuits from experiments 
of this typo it is necessaiy to know mom ol 
tho condition of tho suiface layers of gas near 
tho cylinder walls duiing compression and 
expansion 

(m ) Explosion Expenmcnts — Tho mapJixty 
of attempts to nicasmo volumetric heats at 
really high temperatures have been by tho 
explosion method, in which a known lmxtuio 
of gases enclosed m a vessel of constant 
volume is heated by internal combustion 
The temperatuie aftei explosion is mioiiod 
from tho uso of piessuie, and horn this, 
and the known heat of combustion of 
the constituent gases, a value is obtained 
of the mean volumetries heat of tho vestad 
contents between tho initial and final tem- 
peratures 

Iu interpreting the lcsults of expenimuds 
of this kind there are soveial points ol im- 
poitanco to eonaiclei 

(а) Tho correctness of tho volume! no he ala 
by this method depends entirely on an aeeur a to 
allowance being made ioi any loss of enei^y 
by conduction of radiation up to tho pomt ol 
maximum pi css mo 

(б) Tho maximum temporaturo mfevued limn 
tho maximum presBUio is a mean temporntuio 
for tho volume ol gases Tho actual tem- 
perature range within tho gas js veiy wide * 
Hopkmson 14 lias estimated as much as 1000° - 
1100° 0 when tho mean horn pressiuo ob- 
servations was 1000° C JJ tho spomiio heat 
weie tho same at all temperatures there v ould 
be no change of piessuie during an equalisation 
of tempeiatuio, and Mi Loos 15 ol (Jam- 
bridge University lias recently shown that, 
taking the estimated conditions in II op- 
kmson’s experiment, tho on or horn thin 
cause is probably well u tiller 1 pei coni 
and therefore leas than oxponmontal cotojlm 
of measurement 

(<0 Tho mem volumotno heats are calcu- 
lated on tho assumption that all tho availnhto 
heat of combustion has been generated m tho 
gas at the moment of maximum prossuio 
That is to say that all the carbon and hydrogen 
aie then present as C0 2 and JI 2 () If any of 


^ Pioc Roy Hoe A, lxxvii 300 
16 Proc Camb Phil Hoc xx pt HI 
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the gases aie still uncombmed, or m other 
words if any of the C0 2 and H 2 0 are dissociated 
at the highest temperature reached, and aie 
piesent as CO ) 0 and 2H 2 {- 0 2 , the effect 
will be to lower the maximum temperature 
and give a higher value to the calculated 
volumetnc heat On this account many of 
the results fiom explosion experiments have 
been called “ apparent volumetnc heats ” , 
meaning that any effect of dissociation 
is included m them so that the tiue volu 
metric heat will be iowei than the “ apparent 55 
value 

It is impoitaiif to notice that this use of “ appar 
cut” volumetnc heats is highly unsatisfactory for 
two reasons the amount of dissociation and, tlieie 
fore, the apparent ■volumetric lieat depends not 
only, on kmpcnituie but oti pleasure, and will 
tluiefoio vuy auoidmg to the starting pressuie of 
the expenmint and, s( condly, the apparent volu 
metric luat of pioducts ot combustion containing 
both CO^ and HO cannot properly be calculated 
from tin appaient volumetnc heats of 00 2 and H 0 
found separately C() 2 and II a O liavo a dissociation 
product, 0«, m common, and the piesenco of one m 
a dissociated state will depress the amount of dis 
sociation of the other, and vice vena For this 
reason the only satisfactory method is that used in 
some of the more recent experiments, of which 
icsults are given below, in which an excess of one 
of the combining elements is maintained during 
combustion sullieiont to depress the dissociation to 
a negligible amount In tins way true volumetric 
heats aie obtained 

§ (3) Results dtp Experiments — Ilophin 
son lias given, m lus paper, 1 figures for the 
mean volumetnc heats of air, CCL, and lT a O 
up to 800°, 1400°, and 1900° C , based on the 
woik of Holbom and Hennmg, Ilolborn and 
Austen, Langen, and Clerk These figures 
Hoplunson consideied to give the best ciom 
promise between the rather discordant results 
at high teinpeiatures of Holbom and Hennmg, 
and Langen 

Ilopkmson’s hguies aio as follows 


Mean Volumfirio Heat in Calories per Gram 
Molfouli] for Range 100 ° C to t° 0 


i °0 

800 

1100 

1000 

C 0 2 

8 0 

10 45 

11 05 

U a O 

b 50 

7 8 

10 0 

An 

5 03 

5 55 

5 95 


The eneigy curves obtained from them aid 
shown dotted m Fig 1 
Since the above figures weie given by 
Ilopkmson, a number of values foi the 
volumetric heats of N 2 , CG a , and H a O have 
been published by Bjerrum, based upon his 
own and Pier’s results of explosion experi- 
ments with hydiogen, carbon monoxide, and 

1 Loo c?t, 


a cetylene These c arry the observed volumeti ic 
heat values up to 2100° 0, 2700° C, and 
3000° 0 foi N a , CO„, and H 2 0 icspectively 



Fig 1 


The figures given by Bjonum are as follows 


t° 0 
200 'l 

030 1 
1000 
1,147 J 


For Nitrogen 2 
Mean V dues 0 ° C ~t° C 


Holbom and Henning 


Volum Heat 
Cal Giam Mol 


i 


4 73 

4 01 

5 25 
5 31 


1519 1 
1783 
1951 
2182 
2307 , 


Mean Values L 8 ° 0 0 

f 


PieFs experiments reoal- 
Gulakd by Bjeirum 


5 43 
5 58 
5 70 
5 87 
5 93 


For Water vafoitr 2 
Mean Values 110 ° 0 -t° (! 

G20 j 

1000 V Holbom and ITennmg 
1327 J 


18111 
2110 > 
2377 J 
2003 ) 
2908 j- 
3004 j 


Mian Values 18 n 0 ~f° C 

Ihci’fl expoimiontH local- 
cuhitcd by Bjerrum 


Bjerrum 


For Carbon Dioxiihd 8 


200 V 
030 I 

iooo r 

1304 J 

ioin 
1830 \ 
2110 ) 


Mean Values 0 ° 0 (1 


Holbom and Ilonnmg 


Ihor 


6 5L 
0 95 

7 40 


7 1)2 

8 54 
0 37 

10 00 
10 5 
10 9 


7 48 

8 0 
9 33 
9 84 
1 ) 1)8 

10 28 
10-47 


Moan Values 18 ° 0 -t° 0 
2714 Bjotrum 4 10 0 


There is no doubt, m tho light of Swann’s 
experiments on air, that the values given by 
Holbom and Hennmg for nitrogen up to 


3 Zntschnft fiir EleJctroclmme, 1912 * 

3 Ibid , 10 U 

4 Zeitschnft Mr Physib, Chemw, 1912 


von i 
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(>00° C are too low Bjenum leoommonds 
the formula 0^=4 9 r 00045 t° C given by 
Pier, or his own formula 1 based on the theory 
oi: quanta, which give practically identical 
results up to 3000° C and agree with Swann’s 
value for air at 100° C 

By plotting energy temperature cuives 
from the figuies given above, and taking into 
account Swann’s foi air and C0 2 at 100° C , 
the following values for the mean volumetric 
heats between 100° C and higher temperatures 
t° C have been calculated, and are given as 
being probably the most accurate at this time 
available Where volumetric heats aie given 
by Bjeirum for ranges 18°-£° and 110°-4°, the 
same figures have been assumed to hold foi 
ranges 0°-£° and 100°-£° In the higher 
ranges for water, where Bjenum gives figuies 
for ranges lS°-£°, the energy has been calcu 
Iated from Bj err urn’s figures as though water 
v ere a gas flown to 0° C , and 600 cal sub 
tracted as the energy of the imaginary gas at 
100° C 

It has recently been shown 2 that if, using 


these figures as true volumetric heats and 
Nernst’s constants foi the dissociation of 
C0 2 and H a O, the actual conditions m an 
engine cylinder are calculated, then results 
are obtained which aie m excellent agreement 
with the best experimental engine results 
§ (4) Critical Comparison of Volumetric 
Heat Figures (i ) General — Bjerrum has 
accepted Holbom and Henning’s figures up 
to 1200° C , except as regards then values for 
nitrogen at low temperatures This is now 
known to be too low, and the formula given 
by Pier and accepted by Bjerrum agiees with 
Swann’s value for air at 100° C , which the 
B A Committee considered correct to within 
1 per cent Hitherto Holborn and Henning’s 
results between 800° and 1400° have been 
considered as probably too low Callendar’s 
opinion is that their results, although consistent 
among themselves, may be subject to system- 
atic errors, making them, over the range 
0 -1400° C , as much as 10 per cent too low 
This, however, was when Langen’s explosion 
results were the best available for the higher 
temperatures The more reasonable view now 

\ Zeitschnft ftir Eleltrochmie , 1911 
March, MdAprdwIz’ Automoblle Engineer, Feb, 


is to legaid the constant pioHMUie insults as 
being confiimed by the leant ex plosion ( xpen 
ments, and piobably accurate to 2 pen cent 
oi 3 per cent up to 1200° O 
Above 1200° C the now ligtues he veiy 
much below the old, both lot carbon dioxide; 
and watei Hopkmson consult led that 
Langen’s lesults weio piobably too high on 
account of incomplete combustion and in- 
sufficient allowance for lu* .it loss Put of 
the difference is piobably accounted (oi, at 
least m the case of CCh, by the oumnotue of 
dissociation at tlio high temper abuts m 
Langen’s evpenments In l he experiments 
on which Pici and Bjenum base then volu 
metnc heat values, precautions weto taken 
to prevent dissociation by having nil i xc ess 
of one of the combining clomenis preneat 
Bjermm’s expenmonts wou*, m fait, designed 
with a view pmnanly to measuiing Hit; 
amount of dissociation ol GOg and ILO at 
various tempeiatuies and pi ensures by enmpru- 
mg the pi assures, and lienee temperatures, 
reached with an excess, lust oi mtiogim, 
and then of ono of the combining 
elements, jnesent. 

(5) BjerrujvPs Tiiloulhcal 
Calculations from Yolumltuhi 
Heat Figures — Taking a foimulit 
given by Einstein, and modified by 
Nemst and Line. Leman n, which ex- 
piesses the distribution ol energy 
m a complex molecule according fo 
the theozy ol quanta, Bjomim has 
developed an expression. ioi tho 
I mean volumetric heat ol a gas over any 
| range of tompeiatuio Using las own, Piet’s, 
and Holbom and Jlennnvfs value's foi flu; 
mean volumetnc heats, and evaluating the 
constants m the formula by means ol them, 
Bjerrum found that tho formula can lx; made 
to give values foi the mean volume! u< boat, 
which follow closely the experimental values 
over the lango 0° 3000° C 
In tho case of OO s some etmhimnlion of tho 
volumetnc heat values can be obtained hum 
optical consider ations The; formula for volu- 
metric heat involves tomm depending cm tho 
fieo period of internal vibration of the mole- 
cule Values of such free; periods ealeufided 
fiom observed values of tin; volumetnc honk 
are found to show very fair agreement with 
the periodicities at which absorption bands 
occur in tho spectrum of Conversely, 

if the actual wavc-longtliB for the pauupul 
absorption bands are used in the formula, 
values of the volumetric heal are obtained 
which only differ by 3 per cent or 4 pcs writ 
from observed values up to about 3000° C 
Water exhibits a highly complicated spec- 
trum m the ultra-red legion, and Iks has not 
yet been sufficiently cx|>lored to make; it, 
possible to compaie the ijorioduatios of actual 


Mean Volumetric He its between 100° C and t 0 0 in 
Gram Calories per Gram Molecule 





100° C 

up to 



500° 

1000° 

1500° 

2000° 

2500° 

3000° 

Nitrogen 

5 17 

5 28 

5 50 

5 75 

GOO 

G 30 

Water vapour 

6 25 

G 94 

7 04 

8 42 

9 71 

11 20 

Carbon dioxide 

8 25 

9 55 

10 07 

! 10 50 

| 10 87 

i 10 05 
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ption bands with those calculated from 
lctnc heat values It is probable that 
omplex spcctia so far obseived are due 
' existence of double molecules, and moie 
vations at high tempeiatures and low 
lies are needed before comparison can 
ado with lngli - temperature volumotitc 
values Water seems to show, moreover, 
>id mciease of volumetric heat above 
C , w Inch is not at present understood, 
which it is impossible to express in a 
da developed entirely fiom quanta theory 
> 2000° (J the mean volumetric heat can 
>sely expressed by a formula of the same 
as that 1 oi 00 3 , but m ordei to make it 
the obseived values above this tempera 
l was net essai y to add to tho formula an 
leal teim involving the fourth powei of 
mpei atui o 

>) Pro baulk Accuracy of Exi’eri 
yl Uesults — Of the new explosion 
iments undot icview those by Pier 
undoi taken primarily with a view to 
mug volumetric heats, those by Bjorium 
asuimg dissociation Pier’s experiments 
ill done with mitral piessuio one atzno- 
’i , Bjenum’s, on the other hand, rn order 
ueaso the amount of dissociation, at 
lower piessuies — about one seventh of 
moBphcro Tho point is important m 
oimg the amount of beat loss from the 
non vessel 

duel cause of uncei tamty in all results 
plosion oxpoi iments lies m estimation 
heat loss dining the rise to maximum 
re Pier neglected tins altogether, but 
ately, owing to lira method of expen- 
tig, this does not affect the value of 
mils Bjornmi did i number of oxpoi 1 - 
with varying mitral pressures, and, 
i assumption that heat loss por cent is 
dy piopnilinnal to piessuro, has esti- 
tho heat lows m his own and, where 
aiy, in Pioi*s experiments, and has 
l corrections accordingly Tho magm 
and reliability of his corrections aie 
vitli under each gas separately 
’s method of measuring volumetric 
was to make Ins explosion experiments 
rative, taking as lus standard of 
.men the monatomic gas aigon The 
etne heat of argon, according to tho 
* theory of gases, should be constant 
[ual to 2 98 ealor les per gram molecule 
lirst exploded hydrogen and oxygon 
xeess of hydrogen and then with excess 
(on, but keeping a small excess of 
$on to prevent any sensible dissociation 
>mg experiments at different starting 
latinos her was able to obtain figures 
3 m ,i nn volumetric heat of both argon 
atoi-vapom, and to show that argon, 
st up to 2000° O , shows no sensible 


departure fiom the theoietical value These 
results depend on a knowledge of heat loss, 
which Pici assumed to be zero Bjenum has 
estimated the heat loss in these experiments 
at 1 8 pet cent, and has lecalculated Piei’s 
results fox tho othei gases on this basis, and 
on the supposition that the volumetric heat of 
aigon is constant and equal to tho theoretical 
value It is impossible, indeed, to conceivo 
of a vaua.Uon of volumetric heat m a mon- 
atomic gas, and this assumption seems justified 
on experimental as well as theoietical grounds 
(i ) Nth oqen — Pier obtained tho ratio be- 
tween the volumetric heats of nitrogen and 
aigon by compaimg ilic quantities of the 
two inert gases present with an explosive 
mixtuio of oxygen and hydiogen when tho 
same tempeiatures wero produced In this 
case the results arc therefore puiely compara- 
tive, and, since heat loss may bo taken as 
being tho same under srnular conditions of 
temperature and pressure, Pier’s neglect of it 
does not vitiate lus results except in so f u as 
allowance must bo made for differences oi 
initial piessuro Tho magnitude of tho loss 
m these experiments, m which the piessuio 
rise lakes plaeo m about ono-hundieclth of a 
second, was, according to Bjerrum, only 
about 2 pci cent m any ease 1 Ho that 
Piei’s comparative results foi nitrogen should 
bo accurate to the ordei oi lus experimental 
enors, which mio about 1 per cent On 
tho whole it seems reasonable to expect the 
figures given by Bjerrum for nitrogen are 
accurate to within 1 1 per cent n\) to 2000° 0, 
and i 2 pci cent up to 2000° (‘ 

(n ) IPrtfro vapou) — The principal experi- 
ments on which the ligures for wntoi-vapoui 
aie based are those of Pier, carried out with 
initial pressmen approximately atmospheric, 
and lor which Bjenum estimates Urn boat loss 
as 1 8 per cent These cany the values up 
to 2277° (1 Bjonum has extended this 
range up to 2004° 0 by oxpoumentB at low 
initial prossmes (about one -seventh atmo- 
sphere), m which he estimates tho loss as If 
per cout This liguro ho gives with much 
confidence, hut it must he pointed out that a 
difference of 2 pei cent m the allowance for 
heat loss makes a difference of about 8 9 pci 
cent in tho volumotnc heat values up to 
2000° 0 Indeed, m some further experiments 
with an excess of argon, also by Bjerrum, 
he finds it necessary to fix the heat loss allow- 
ance as 12 pci cent in order to hung them 
mto lmo with the rest of lus results This 
hguio of 12 per cent, ho says, was a not im 
piobabio one, hut does not say why , possibly 

1 This ilgme agrees exactly with that estimated 
by David (7 ‘hjc Hoi/ Sac A> xeviil SOS) for tho heat 
loss up to maximum temperature, when allowance 
is made for the dUfeionce in maximum temperature 
and explosion time accenting to the empirical 
formula given by him 
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it was because the argon expenments were C0 2 up to 2110° C This foimula gives 10 75 
at shghtly higher initial pressures for the lange up to 2714° 0 , so that tlieio 

In estimating the probable accuracy of the is good agi cement between Bjeu urn’s and 
figures for water vapour, it seems, theiefoie, Pier’s figuies 

that we must allow that there may be an An idea of the optical confiimation of t be 
error of ±5 per cent up to 3000° C, and C0 2 figures may be given as follows The 
possibly more Up to 2000° C the un- internal oi vibiational eneigy of a tuatonuc 
certainty is considerably less It seems likely molecule will be shaiod between the llueo 


that the possible error is not more than mutual vibiations of the three atoms, (1) with 
±2 per cent or 3 per cent (2), (2) with (3), and (3) with (1) In tho case 

(m ) Carbon Dioxide — In dealing with C0 2 of C0 2 , since the mutual attraction between a 
one has the advantage, as with nitrogen, of carbon and oxygen atom may be supposed 
being able to make the expenments compara- greater than between the two oxygens, it 
tive as between two inert gases, as was done is a reasonable assumption that, of tho thico 
by Piei On the othei hand, the late of vibrations, there will bo two of high fi eqiteiK y 
combination where carbon is involved is veiy and one of lower If tho tbicc wave-lengths 
much lower than with oxygen and hydrogen X x , X 2 , and Xj of the Nemst Lmdemann quanta 
Pier found that the combustion of carbon function which occms m tho volumetric heat 


monoxide was too slow to be any use except 
for mixtures giving a final temperature over 
2200° C He therefore used combustions of 
acetylene and oxygen, first with excess of 
nitrogen, then excess of 0 2 , and finally with 
C0 2 and 0 2 There is no doubt that Piei 
was getting very considerable loss of heat 
before the point of maximum pressure, as is 
clear from the very low value of the heat ofT 
combustion of acetylene which he calculated 
from his experiments 

It is curious that Pier never realised the importance 
of his beat losses, and was forced to suppose the 
formation of an endothermic compound of water 
and COo to explain his heats of combustion of acety- 
lene There is some evidence that aldehydes axe 
formed during combustion in an engme cylinder, 
but it is very unlikely that the quantities are as 
greit as Pier supposed Bjerrum, however, has 
accepted Pier’s figures, bemg comparative, as sub 
stantially correct, and, as mentioned previously, they 
receive some confirmation from the spectrum of C0 2 

Bjerrum has extended the range of Piei’s 
figures from 2110° C to 2714° C by explosions 
of GO and 0 2 , first with excess of CO and then 
of nitrogen As before, his experiments 
were done first with a view to dissociation 
measurements, but in this case he used initial 
pressures of one-quaiter and one atmosphere 
Using his results at these two pressures, he 
estimates his heat loss correction, and gives 
10 9 as the mean volumetric heat from room 
temperature to 2714° C The combustion 
time was of the order of one-tenth second as 
against one-hundredth second for the oxygen 
and hydrogen experiments, and the correction 
on the mean specific heat due to heat loss is 
m consequence as much as 15 per cent of the 
value given, in spite of the pressures at which 
he was working bemg higher than m the ease 
of his experiments on water-vapour 

Pier has given the formula 

0^=6 8+3 3xl0“ 3 i~0 95xl0 _6 £ 2 +0 1\10~°£ 3 
as representing his experimental results upon 


formula are evaluated fiom observed values 
of tho volumetiic heat on tho above assump- 
tion that X 2 =X 3 the values obtained by 
Bjeirum aie X^S 1, X 2 =X <} = 5 0 With these 
constants the formula gives values of tho 
volumetiic heat which follow the actual values 
closely ovei tho lange 0°~2000° C , e q 


- — 

Volti Oil Heat Gill (!m M.il i 

Tempi mtum 



B into 




Ohaomul 

CalcmiaU tl 

0-200 

7 48 

Ini 

0-2110 

10 47 

10 43 


Now there are actual absorption bands m 
the spectrum of OO a at Xi~14 7, X a 4 3, 
and X 3 ~27 If these values aio pub into 
tho formula and tho volumotuo heats oalui- 
lated from pmcily optical data, the volume! in* 
heats for the same ranges as above aio 7 07 
and 10 04 The optical data, therefore, give 
values within 3 per cent oi 4 pdi cent ol 
the observod ones, and on tho wholo it sootmT 
probable that tho latest values of tin; volu- 
motno heat given by Bjerrum up to 2700° O 
may be taken as corioct to I 3 pci cent or 

+ 4 P eroon1 ' d it r. 

Gear * box Testing Maoiiwe (National 
Physioal Laboratory) See “ Dynamo* 
motors,” § (0) (m ) 

Gibbs-Helmiioltz Equation See “ Thermo- 
dynamics,” § (04) 

Gibbs’ Thermodynamic Potentials Men 
“ Thermodynamics,” § (51) 

Glasses * 

Suitable for Thermometers, Approximate 
Percentage Composition of VaiuniB, tabu- 
lated See “ Thermomotiy,” § (6), Tahiti 

Zero Depressions of Therm omelcns mudn 
of Different, tabulated at 25° Ck, H()° (fi 
and 100° C. See ibid § (7), Table VL 
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Gold 

Freezing-point of, detoi mined by platinum 
resistance thermometer and tabulated 
See “ Resistance Thermometers,” § (18) 
Solid and Liquid, Emissivity of, determined 
by optical pyrometei See “ Pyrometry, 
Optical,” § (20) 

Governor for Steam Engine See tc Steam 
Engines, Reciprocating,” § (2) (vi ) 

Gramme Molecule The volume of a quan- 
tity of gas which has a mass equal to 
its molecular weight m grammes It is 
constant foi all gases, and at a piessuio of 
one atmosplioie and tempeiatme 0° C is 
equal to 22,412 c c 

Griffiths 1 Determination of Mechanical 
Equivalent of Heat See “ Mechanical 
Equivalent of Heat,” § (5) (l ) 

Griffiths, Experiments on Latent IIfat 
of Evaporation of Water, at tempeia 
tures of 30° and 10° 0 See “ Latent Heat,” 

M2) 

Griffiths, Laboratory Form of Disappear- 
ing Filament T*pe oi Optical Pyro- 
meter See “ Pyiometry, Optioal,” § (3) 
Ground Storage of Rainfall See 

“ Hydraulics,” § (8) 

Groups, Hon dimensional, the Real Vari- 
ables in Physical Problems See “ Dyna- 
mical Similarity, The Pimciples of,” § (34) 
Guericice’s Pump See “Air-pumps,” § (11) 
Gun recoil Cylinder, Hydraulic See 

“ Hydraulics,’ § (60) (a ) 

GYROSCOPE 

§ (1) Description of the Gyroscope In- 
ertia and Balance — The gyroscope consists 
usually of a massive wheel or disc mounted 
on bearings so as to be free to spin lapidly 
about its axis of symmetiy The gyioscoj^o 
as commonly made is symmetrical about an 
equatorial plane, perpendiculai to the axis of 
symmetiy , but tins equatorial symmetiy is 
unessential Any ngid homogeneous solid of 
revolution may foim the spinning element , 
and, moio generally still, the gyioscopo may 
oven be megular m form provided that it is 
“ dynamically symmetrical ” about the axis of 
spin The conditions necessary for dynamical 
symmetry are ( 1 ) that the centre of mass O 
of the gyroscopo shall lie on the axis of spin , 
(li ) that the axis of spin shall be a principal 
axis of inertia , (m ) that the moments of 
inertia about all axes through O perpendiculai. 
to the spm-axis (say, all “ diameters ”) shall 
be equal If any body were taken of irregular 
foim with centroid O, and with unequal 
moments of meitia A, B, 0 about its mutually 
perpendicular principal axes through 0, and 
if it were mounted to spm about the 0 axis, 
it would differ fiom the normal gyroscope only 
m having A and B unequal instead of equal 


In the practical making of gyxoscopes the 
closely appioximate symmetiy of foim is found 
inadequate to secuio these conditions of dynam- 
ical symmetiy, and a final pioccss of “ balan 
cmg ” is requisite to make the gyroscopo inn 
smoothly at high speed If, m violation of 
condition (i ), the centioid is not on the spin- 
axis, but at a shoit distance fiom it, the 
gyroscopo is said to be defective m “ static 
balance ” With this defect, if the gyioscopo 
is without spm the oquilihiium undoi giavity 
fails to be ncutial (except when the axis is 
veitical) , and when the gyioscopo spins about 
the fixed axis a revolving centrifugal force is 
thrown on the boatings A tine cnculai disc, 
mounted eccentncally on a spm axis normal 
to its plane, illustiatcs tho state of bad static 
balance 

If, m violation of condition (n ), tho principal 
axis of inertia is not coincident with the spm- 
axis, but makes a small angle with it, the 
gyroscopo is said to be defective m u dynamic 
balance ” The delect cannot be detected 
statically , but, when tho gyioscopo spins, a 
torque m a revolving axial plane is thrown on 
the healings A tiue cnculai disc mounted 
centrieally but obliquely on a spin-axis illus- 
trates the state of bad dynamic balance. 

The two defects are both remedied by the 
addition oi removal of small masses of deter- 
minable amount and position , and when 
balanced to mn quietly m tins way the 
gyroscope is usually legaxdod as satisfying all 
the necessary conditions But, m violation of 
condition (m ), the moments of inertia about 
different diamoteis of the gyioscopo may bo 
slightly unequal An elliptical disc mounted 
centrieally and nonnally on its spm axis illus- 
trates this defect Tho ohnunai.ron ol whirling 
stress may bo legarded as having foi its direct 
consoquenco the annulment of the produel ol 
inertia foi oveiy pair of poi ponchcmlai planes 
of which ono is axial and the other is normal 
to the spm-axis ; and m consoquenco tho 
elimination onsmes that tho conditions (i ) and 
(n ) aro satisfied But if tho moments of 
mertia A and B aio left unequal, condition 
(in ) is violated and tho gyioscopo is dofoolivo 
The dofoct cannot ho detected statically, noi 
by spinning the gyroscope about the lixod 
axis It is only when tho axis is itself m 
motion that tho unoanomcal foim of the 
gyroscope is revoalod 

§ (2) Tub Mounting of the Gyroscope 
Degrees of Freedom — In gyroscopic mech- 
anisms oach individual gyroscope may have 
any number of dogieos of freedom, up to 
the limit of six degrees, and those degrees oE 
freedom may anso m an unlmutod variety of 
ways Most commonly the centroid of tho 
gyroscope remains a fixed point, and only the 
throe angular degrees of freodom about tho 
centroid aro left for consideration , and, as 
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the spinning movement accounts for one free 
dom, theie remain only the two degiees of 
fieedom associated with the direction of the 
gyro -axis z These two degiees of fieedom 
usually occur as the relative movements of 
thiee consecutive members of a chain of 
pieces The gyroscope oi lotor R (Fig 1) 
is free to spin 
about its axis z , 
and this axis is 
g coincident with 
the line of beat- 
ings of a ring or 
frame or casing 
Q, which sup 
poits the rotor 
R The spin- 
ning freedom is 
thus a ictation 
about the line z The casing Q is mounted on, 
a frame or ring P, so as to be free to turn 
about a line y, intersecting z at 0 The lota- 
tion of Q relatively to P about y piovides the 
second degree of freedom of R Finally the 
ung'P is mounted on a fixed base piece B so 
as to be free to turn about an axis x, mtei- 
sectmg y at 0 The 
rotation of P relatively 
to B about x provides the 
third degiee of fieedom 
of R In the commonest 
foim of appaiatus of this 
sort the axes x and y of 
the ring P are made per- 
pendicular, and the axes 
y and z of the casing Q 
are also made perpen- 
dicular, and the fixed axis 
x is perpendicular to the 

^Gyroscope^Model'm Wontal J>ase of B and 
Perspective consequently a vertical 

line The apparatus 
usually described as the il Wheatstone gyro 
scope ” is of this type (Fig 1a) 

A gyroscope mounted m this way, with 
complete angular freedom, is sometimes spoken 
of as a c fiee 55 gyioscope If the hmge-lme 
x is locked the gyroscope has only two degrees 
of fieedom, and is then often described as 
constrained ” The gyro-axis z is then le 
stncted to move m a circular cone with y as 
axis and yz as angle Very specially (and 
commonly) yz is a right angle, and z is thus I 
iestricted to move m a fixed plane noimal to 
y (In the Wheatstone gyroscope the gyro 
axis then turns round a fixed horizontal axis ) 

If the hinge y is locked and a, is left free then, 
similarly, the gyroscope has only two degiees 
of freedom, and z is restricted to describe a 
circular cone about x (or a plane normal 
to x) 

More generallv the gyro-axis z might m any 
way be left free, by mechanical constraints 



applied to tho i <ismg G, to rnn\e nn!\ aliuty 
a definito muto (n.oncinluu' a < one nl u hilnu \ 
form), and tho gyroscope would again iia\o 
two degrees of i 1 1 edom 

Ifc is to be obsoi w*d that tho indiu lion hum 
thiee degrees ot freedom to two digmv*. mav 
occui without tlio HtipjHosMon ot the fieedom 
of rotation about > x oi y Then omnlotennguhu 
freedom of tho jjjvmmnpo nr isos fiom 11m Ju< 1 
that any anguLu rotation about () ma\ in 
genoial be donvotl as tho mediant nl suitable 
components about », y, and „ 'this lads 1o bn 
tiue, howovei, when t, //, and - happen in bn 
coplanar , and this (kuiih foi each nl two 
positions, when tho inlaUvo million nl V mid 
Q brings tho pianos xy a, ml t/ into enim idem o 
Foi angulai voloutios about loplauar hues 
have as thou losultant an angular velocity 
about a line lying noons -mid y m tho sumo 
plane Foi tho Wheatstone mounting ( Fix/ 
1a), x and z tluumelvoH coincide m those (wo 
positions (when the g>m-a\is w voitiud), and 
the loss oi froodom is olteu attributed lo the 
identity of tho two rotations about the to. 
incident lines, but the idouldv, though milln 
cient to account for the loss, is not ossout ud 
(The piojiosal to avoid tho danger of this losn 
of freedom, when throe (logmen oi fiocdom am 
to bepieseivod, by adding an o\ftu niombm N 
to the chain of pieces FQR introduces a liesh 
objection, foi tho links N, P, Q oi the < ham 
BNP QR then 3m\o an indeterminate position 
foi any one (lno< turn of and would mo\o 
about at landom ) 

The case of a gyioscope with only one dogteo 
of fieedom, as foi r and y both loi kod, leaving 
the spinning movement about z its the sole 
fieedom, should be mentioned as the ultimate 
and simplest toi m ol _ 

fieodom , but it has 
no gyroscopic lm 
portanco 

If absti action be 
made of the dime 
tions of the throe 
axes a, ?/, and a of 
the gyroscopic ap- 
paratus, without re- 
gal d to position m 
space or any other 
detail, a unit apheio 
centred at 0 and cutting the lines r # ?/, „ at 
points X, Y, Z gives a eoinpletelyrepiesentiitive 
figure on tho spherical mufaeo (Fig 2), The 
fixed point X represents the lived a\m ol the 
base-piece B, tho gieat-( ircdo aie X \ loprosonls 
the ring P, Y i o presents the axis y connecling 
the ring P and tho easing Q; YZ represents tho 
casing Q, and A ropi ononis the gym axis To 
complete the figure, any arbitral y line w of the 
base B gives a fixed point W, and WX ropto- 
sents tho base JB « and if any hue v of the 
rotor R gives tho point V, the are ZV mpmsenlB 
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the lotoi R With this open quadnkiieial 
WXYZV, w ith WX fixed and all the sidos ol 
constant length, the complete angular fioodom 
of VZ is given by the rotation of XY about 
X, of Y"Z lelativcly to XY about Y, and of 
ZV relatively to YZ about Z And it is when 
tho angle at Y is 7010 01 two right angles that 
the tnangle XYZ degeneiates into a gieat 
cuele arc, and one degieo of fieedom is lost , 
Z having then no movement possible except 
m the ducction poipondicular to XYZ 

^ (3) Gyroscopic Experiments — As pie- 
lmnnaiy to a formal account of the kine- 
matics and dynamics of tho gyroscope, it may 
be convenient to state bnelly the results 
of a numbei ol simple experiments with the 
Wheatstone gyroscope When checked by the 
principles developed later theio will appeal 
the reasons undoi lying these vanous move- 
ments , and thoie will anse also coitam 
qualifications necossaiy to some of tho state- 
ments that seem empirically collect Famili- 
arity with such experimental results is to some 
extent soiviceable, 111 lack of more complete 
information, as a lough working knowledge of 
practical gyro sco pics 

The expenmonts with the xapidly spinning 
gyroscope may bo birefly descnbod as follows, 
the cleg tees of fieedom being as stated m eacli 
sopaiate caso 

(l ) Axis % lot kod, y fiee , any foices applied 
to Q Tho gyroscopic ollois no lesistanco to 
the turning of Q about y 

(11 ) Axis a free, y locked , any forcos applied 
to P 01 G The gyioscope ollois no resistance 
to tho turning of P and Q about % 

(m ) Axes ^ and y both fiee , B moved 
about m any manner Then z retains its 
original and arbitral y direction unchanged 
But if, dunng the movement of B, a comes 
to coincide with z (01 passes veiy noar z) a 
violent “ kick ” occurs and z abruptly changes 
direction 

(iv ) Axes a and y both hoe , z horizontal , 
a weight hung on one end of z and released 
Then z remains horizontal, and P and Q rotato 
uniformly about i,at a late piroportional duoctly 
to tho weight and mvoisoly as tho spin of tho 
gyroscope If tho movement of P is limned ” 
by a torque applied to P about t the weight 
uses, and if P is hindered the weight descends 

(v ) Axes r and y both fiee , z pointing in 
any direction , a smooth straight edge is lard 
perpendicular to z and pressed against tho 
apmdle of R Tho spmdlo does not yiolcl to 
the pi essuio but moves along the straight edge 
in the same sense as if it wore rolling along the 
straight-edge by reason of the spm 

(vi ) Axes sc and y free, z horizontal , forces 
are applied to P as if to turn P about % Tho 
turning about or is resisted and tiltmg of Q 
about y occurs When z leaches the vertical 
the resistance, after diminishing, disappears 


and P is fieoly lotatable m the sense of the 
spin il tho direction of lotalion of P is tlion 
jeveiscd a sudden u jolt ” occms, Q begins to 
capsi/e, tho lotation ol P is icsisted, and z 
piesontly again becomes veitical The 1 ela- 
tion 'of P is then again umosistod in the sense 
of tho spin 

( 4 ) Kinematics of the Gyroscope — If 
tlie gyioscope executes any kind of movement, 
a description of that movement at any moment 
may consisl m a statement of the component 
anguhu velocity S 2 about the axis c, usually 
called tilt* “ spin,” and the instantaneous mte 
of movement w of the axis z The latlei has 
now come (by an cnlaigement of the ongmal 
use of tlie tonn) to be called tho “ piccossion ” 
Tho plant* in winch the axis moves is tlie 
instantaneous piano of piecession, and the 
diameter a ol tho gyioscope drawn nonnal to 
this plane is the instantaneous axis of proces- 
sion In tho lepi esc ntative sphencal diagiam 
(Fuj 3 ) the icHultant angular movement ol tho 


gyioatopo is lopieaentod by tho spm 12 about 


Z, together with a 
velocity w of Z along 
(Z) tho spherical 
curve which is tho 
path of Z If tho 
quadiantal tnangle 
ZTU is completed, 
then ZT, tho tan 
gent to the cuive 
(Z), lcpiesents the 



plane ot pi occasion, xno 3 


TU the central 


jilane of the gyroscope, and U the axis of proces- 
sion The 1 esultant movomen t of the gyrosc oj >o 
is compounded of angular velocities U about Z 
and w about IJ The tnangle itself has ZU 
as normal at Z to tho curve (Z), and ZU touches 
at K th<* cm vo which is tho envelope of ZU 
and the ovoluto of (Z) Tho point K is also 
tho centre of tho small enelo that osoulates 


tho curve (Z) at Z , and ZK (■=/;, say) is tho 
angular radius of cuivatiuo of (Z) at Z Tlie 
movement of the tnangle ZTU as a ngicl jfiguio 
is given by tho rolling of ZU on tho ovoluto 
curve, and consists instantaneously ol an 
angular velocity n about K The components 
of m about Z and U aro n cos p and n sm p 
rospoc lively, giving velocities cos p of U 
along TU and n sm p of Z along ZT Tho latter 
velocity is by hypothesis w, and therefore 
a >=- 7 i sm p I fence p , and tho com- 

ponent angulai velocities of the triangle ZTU 
aio (o cot p about Z and w about U Tho 
gyroscope and the triangle have movements 
identical m respect of the components about 
U and difteimg only m tho components 
about Z 


§ (5) Dynamics of the Gyroscope — Tho 
angular momentum of the gyroscopo is tho 
resultant of tho separate angular momenta 
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associated with the two component angular 
velocities, and is theiefore compounded of CS2 
about the axis z and Aw about the diameter u 
The rates of change of these two vectors give 
rise to two separate torques or couples which, 
as kinetic reactions, are together equivalent 
to whatevei system of applied foices may be 
acting on the gyroscope They may be calcu- 
lated separately 

The vector late of change of any space- 
vectoi i having angular velocity w is given by 
the lineal velocity of its extremity, and is 
compounded of r xadially and rw normal to 
the vectoi m the plane of its movement The 
angular momentum Cf2 about OZ, coi respond- 
ing to the vector r, thus gives use to a torque 
Ci*2 about OZ and a toique Cfiw about OT 
The angulai momentum Aw about OU gives 
rise to a torque Aw about OU and a toique 
- Aw 2 cot p about OT, since w cot p is the 
angular velocity of the tnangle about Z 

As the torque about OZ is GO it follows 
that the angular acceleration 0 of the spin 0 
is the same as would be produced by the same 
torque about z if the axis z were stationary 
When, however, the gyroscope is supposed to 
he already set spinning on fnctionless bearings, 
oi (m piactice) to be supplied with an electrical 
dnving torque counterbalancing the resistances, 
the applied torque about the axis z is then 
zero, and hence CO is zero and O remains 
constant independently of any movement im- 
posed on the axis z (This property of a 
gyioscope is not tiue if condition (in ) of § (1) 
is violated Unequal values of A and B give 
nse to fluctuations m the spin 0 ) 

It is convenient to lepresent the torques by 
equivalent forces, acting at Z perpendicular to 
OZ, and producing the same moments as those 
of the torques These forces are 

Aw along the great-circle tangent ZT at Z, 
Aw 2 cot p along the inward noimal ZK at Z 
Cfiw along the normal at Z (Fig 4 ) 

The last force Ofiw has direction and sense 
which, if lotated thiough one right angle 
about Z in the sense 
of the spin 12, gives 
the direotion and 
sense of the velocity 
w along ZT 
Of these tin ee forces 
(or the torques they 
lepresent) it may he 
noticed that the fii st 
two are independent 
of the spin and of the 
moment of inertia 
C, and depend only 
on A and on the 
novement of the axis z They would con- 
stitute the whole torque if either C or Q weie 
zero A thm rod along OZ credited with the 


same moment of meitia A would give use 
to these same foices , oi a single paiticlo of 
mass A at Z would alone suffice And the 
expressions w and w 2 cot p aie the components 
of the acceleration of Z along the tangent ZT 
and the normal ZK , foi w is the late of 
change of the velocity w of Z, and w 2 cot p 
is the pioduct of the velocity w and w cot p 
the late of turning of the tangent ZT about Z 
The mass A at Z would thus give the same 
two forces 

§ (b) The Gvroscopio Torque Rules for 
the Precession — The toique Cl2w is known 
as the “ gyroscopic torque ” It has OT for 
its axis and UZ for its plane In many 
practical uses of the gyioscope tho value of 
12 is so laige that this toique dominates the 
lest, and may be taken by itself as sufficiently 
representative of tho whole kinetu icaction 
The simple mle then is that the plane of the 
applied toique and the plane of pi ©cession aie 
perpendicular planes thiough the axis of tho 
gyroscope , and that the toique has a moment 
equal to the product of tho angulai momentum 
Cf2 of the gyroscope and the rate of pi occasion 
w A vaucty of lulea have been piOposed as 
indications of the sense of piecession 

(a) The most common statement takes some 
such form as this The piecession is such 
that, after a picccssional movement continued 
through one light angle, tho axis oi the gyio- 
scope would coincide with the axis of tho 
torque, and the sense of the spin would agico 
with that of the toique But in piactice theie 
is a ceitam awkwardness and inconvenience 
m the need to consider a mticly hyqiothetical 
position of the gyioscope 

(p) A buefei equivalent is to mark the sides 
of the quadiantal triangle, such as ZTU, •with 
arrows cnculatmg round tho tnangle and 
repiesentmg tho senses of Piecession, Spin, 
and Torque m that (alphabetical) oidei 
(y) Rules moie leadily applied may be stated 
for forces, taken as equivalents of the gyioscopiu 
torque Thus, as above, if a foioe poipcn- 
dicular to the axis oi the gyioscope act at a 
point of the axis, tho corresponding force- 
vector, when swung through a right angle m 
the sense of the spin, points then m tho sense 
and direction m which tho point moves as a 
consequence of the piecession More realistic- 
ally the force may ho supposed actually 
applied to the thin smooth spindle of tho 
gyroscope by lateral pressure of a straight- 
edge , and the pi ecession then makes the 
spindle slip along the stxaight edge , and the 
sense of travel is as if tho spindle were wiling 
on the straight-edge by icason of its spin 
(5) A similar form of statement is tiuo for 
a force parallel to the axis and supposed to 
act on the rim of the gyroscope , namely, if 
the force- vector normal to the wheel is carried 
round, as if ngidly connected with the wheel, 
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through one ughl-anglc m the sense of the 
spin, it then mdicitcs the pieeessional move 
ment of the nm 

§ (7) Kinltio Reaction, Angular Momen- 
tum, and Energy — In rogaid to the torques 
of § (5) it should bo remarked that Aw and 
Aw 2 cotp depend on the (suifaco component 
of the) ac colei ation of Z, and that if that 
acceleration be itself expressed nr terms of 
any convenient set of components, it is only 
necessaiy to multiply each of those separate 
components by A in oicloi to obtain the re- 
quired toiques And similarly 042w depends 
on tho velocity of Z , and if that velocity 
presents itself as composed of any set of 
components it is only necessary to multiply 
each component by 042, and turn it round 
through one light -angle backwards (i e 
against 42) about Z, m older to obtain tho 
coiiespondmg contribution to the gyroscopic 
torque 

Of angular momentum it should bo homo 
in mind that, unliko lineal momentum, it has 
only magnitude and direction and is not a 
located veetoi The sum of the momenta of 
the elements of a gyioscope (with its conti e 
at rest) about any line parallel to the axis is 
the same as about the axis itself Tho gyro- 
scope might bo replaced by anolhei equal 
gyroscope with a parallel axis, inside tho same 
casing, and tho gyroscopic toique would not 
bo affected by the chango XTuitlioi, if tho 
same casing contained several gyroscopes, each 
spinning on an axis fixed relatively to the 
easing, the gyroscopic torque foi any move- 
ment of the casing would be only the same 
as foi a single contained gyroscope with 
an angular momentum equal to the vector 
sum of those contiibuted by the seveial 
gyroscopes t 

Tho principle of energy demands that tho 
applied forces should do work on tho gyroscope 
equal to the increase of its kinetic eneigy 
The foi ces 042w and Aw 2 cot p at Z acting 
normally to the velocity of Z along ZT, do no 
work, and tho force Aw does work at the rato 
Aww If the spin varies, the torque Ci2 
causing tho variation does work at tho 
rate 04*242, and the sum Aww 4* 04242 is thus 
tho time differential of the kinetic energy 
1 (Aw 2 H 042 2 ) 

§ (8) Simple Cases op Motion of a Gyro- 
scope — Tho thiee toiques found m § (5), 
which usually act m combination, may occur 
separately for special movements of tho 
gyioscope 

(i ) Tho torque Aw occurs alone if f2 = 0 
and /> = 7r/2— t e if the gyioscope has no spin 
and its axis is rotating m a piano The torque 
Aw also occurs alone, initially, if w is momen- 
tarily zero, with any value for 42 Hence 
under the action o± a torque the gyro -axis 
moves initially m the plane of the toique itself 


[The du potion of motion begins to turn, how- 
ever, at a late (C/A)42 ] 

(n ) The toique Aw 2 cot p occurs alone if 
42 = 0 and w is constant — u if the gyioscope 
has no spin and its axis descubes a cone of 
any foim at a umfoim late The toique 
measures the noimal pressure on tho guiding 
curve oi cone II p also is constant tho 
cone oi cuive is ciiculai and the toique is 
constant 

(m ) Tho gyioscopic toique C42w occui s alone 
iip = 7r/2 and w is constant — % c if tho axis oi 
tho gyioscope rotates uniformly m a plaue 
It may bo noticed in this ease how, m detail, 
after a turn of the axis thiough an angle 2a 
tho timo-mlogial of the toique- veetoi accounts 
foi the change of momentum The toique 
veetoi 04 2 w moves round ono right angle m 
advance of the axis Tho mean of the veetoi s 
langmg over tho angle 2a is G42w (sma/a) 
along the angle bisector, and the timo is 2a/w , 
lienee tho time integral of tho toique gives a 
momentum 2042 sin a one light angle boynud 
the angle - bisector of tho gyi o - axes The 
change of momentum is 042 x 2 nm a and it 
lias the same diieetion In paitieulai when 
2a ==7T, with revoi sal of tho axis, the change 
of momentum is 2042 

(iv ) If w and p aio both constant, Z m 
Fig 3 describes a citolo with centio K, and 
the tnanglo ZTU rotates uniformly about K 
as a fixed point Tho axis of the gyioscope 
describes a oueulai cone of angle p The 
torque outwaicls iiom tho axis of the cone 
is C42w~Aw 2 cot p hoi tho customary rapid 
spin tins is positive m sign , but if w were 
rapid also tho torque, specially, is zero for 
tho ease 042 = Aw cot p This conical steady 
motion is then a fieo movement of the gyro- 
scope If, say, tho stationary casing contain- 
ing tho spinning gyioscopo is struck a heavy 
blow, giving an impulsive toique Aw about a 
diameter of the gyroscope, the impulse oi cates 
suddenly an angular momentum Aw and thoio 
ensues a conical motion oJ tho axis z with 
tan -1 (Aw/042) im tho angle of tho cone This 
motion, being rapid, gives a blurred olfect, 
visually, and is generally spoken of as a 
“ wobble ” , but it is nevertheless technically 
a “ steady motion ” 

The constant toique C42w~ Aw s cot p neces- 
sary m general for tho comeal steady motion 
of tho gyroscope is lmeai m 42 but quadratic 
m w Itonco, foi an assigned value of the 
torque giving movement on tho cone of angle 
p, there is a unique value of tho spin for any 
assigned late of procession ; but two rates of 
precession foi any assigned spm are given by 
tho roots of a quadratic equation, and may 
be real or coincident or imaginary Tho 
steady motions of a top (which may bo re- 
garded as a frameless gyroscope) illustiate these 
results 
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(v ) If the gyio axis is guided by any smooth 
constraints, adequate to take any latex a 1 pleas- 
ures, the torques OS2oj and A ur cot p aie 
supplied by the constraints, and the agent 
controlling the pieeessional movement of the 
axis has only to supply the toiquc Aw The 
gyroscopic toique falls on the ngid constiamts, 
and the agent experiences no “ gyioscopic 
lesistance ” whatevei 

§ (9) Gyroscope with Two Degrees of 
Freedom on a rotating Base — Instead of 
piescribing directly a movement of Z (Fig 2) 
the movement pi escribed may be that of Y, 
leaving the movement of Z to ensue as a 
dynamical consequence In a simple case 
YZ may be taken to be a quacliant, and XY 
also a quadiant, and Y may be made to move 
uniformly along its path, the gieat cnole with 
centie X, at the constant angulai late n 
The point Z is thus constiamed to he on a 
meridian, say, of the spheie , the mendian 
bemg XZ and lotatmg at late n about the 
pole X If 9 is the polar distance XZ (equal 
to the angle XYZ) the velocity of Z has 
components 6 along the meridian and n am 0 
along ZY perpendicular to the meridian 
The corresponding components of the gyro- 
scopic toique give foices at Z equal to 
Ctin sm 6 along the meridian and QiW pei- 
pendicular to it (It is supposed that 12 and 
n would agree m sense if the angle 6 vere 
reduced to zero ) The acceleration of Z as 
determmed from its component velocities and 
the local rate of rotation n cos 6 of ZX at Z (oi 
otherwise) has components 

^(0) — (n sm d)(n cos 6) 

and ^(n sm 0) 4- (d) (n cos 6 ), 

i e 6 — 7 i 2 sm 6 cos 0 along the mondian (2) 
and 2nd cos 6 peiqiendicular to it (3) 

Tho coi responding foices are obtained by 
multiplying by the moment of mortia A G (5)) 
and aie tlierefoio 

A(6 — 7i 2 sm 6 cos 0) along the meridian (4) 
and 2A nd cos 6 peipendiculai to it (5) 

Hence the equation of motion m 6 is 

A(0 — n 2 sm 0 eos 6) 4 COw sm 9 — 0, (0) 

with the integral 

Ad z 4 An 2, cos 2 0 — 2C0w cos 6 = constant (7) 

Tins integral expresses the kinetic energy as 
a quadratic function of cos $ This case may 
bo compared with simple pendulum motion, 
with no movement m azimuth, for which the 
kinetic energy is a linear function of cos 0 , 
and also with conical pendulum motion, with 
free and variable movement m azimuth, for 


which tho kinetic energy is a cubic function 
of cos 6 The piesent case is in a sense inter- 
mediate Foi a pendulum oi pcuod 2?r/p, with 
6 — 0 as the downward vertical, and with the 
voitical piano of swing made to intate uni 
foimly at the rate n, the equation ol motion is 

6 - n 2 sm 0 c os 0 I- p a sm 0 - 0 (8) 

The position 6 — 0 is a stable position if p n 
If p<n the position O — Qw unstable, and an 
inclined position of equihbuum exists given 
by cos O—p^/n 2 , and us stable The position 
9 — 7T is one of equilibrium but is unstable for 
all values of pjn (Another hi tuple Distance 
of the same movement oeeuis in the case of a 
magnetic needle oscillating in a hon/ontal 
plane m the eaith’a held, with a soft non iod 
horizontal and pciponthc ulat to tho needle 
and ngidly connected with it ) 

The equations ((>) and (8) aie identical if 
(C/A)Qn~p 2 , and hence tho position 0 = () ig 
stable if 012 >An It is unstable if 042<A?t, 
and a position of equilibrium is them given 
by cos 6 — (Cil/An) The position 0=zir is 
an equilibrium position hut unstable foi all 
values of ti/n Hence (Fig 2) when Z is ( at 
X the spm agiees in sense with that of the 
rotation of XY about X, and the position is 
stable provided n<( C/A)f2 When Z is at 
the antipodes of X the senses aie opposite, 
and the position is always unstable For the 
first case the spin is customai lly so laigo that 
the inequality is amply satisfied, and the 
experimental results aie apt to prompt an 
unqualified statement ol stability The m 
equality, however, is an essential c oiuhtion 
The latoial picssuie R of the meridian on 
the gyio axis is given by 

R— (2 An eos 0 - 042)tf (<)) 

The foice R has a moment L Hiri 0 about OX, 
winch has to lie supplied by tho agent 
responsible foi maintaining the rotation n 
He provides theiefoie a variable toique R sin 0, 
which is identically equal to 
cl 

j t (A n sm 2 0 f-00 eos 0), (10) 

the late of mciease of the angular momentum 
about OX Furthei, the agent sujiphes energy 
at tho i ate 

i -^[ A(fl 2 + n 2 sm a 0) + G'i2 a J , (II) 

and this reduces as it should to ?iRsm/2 m 
virtue of (6) and (7) 

If the gyroscope is ongmally m tho unstable 
position 6 — 7T its axis will pass tho position 
6 — 7r/2 with an angular velocity m 0 given by 

— 6— [?i a 4 2(0/A)0?i | & (12) 

and the torque ol resistance to tho rotation 
of the meridian at this moment is equal to 

Cf2[?r 2 42(0/A)finp (13) 
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Pai x rapid spin il this torque may he 
conbidei able even foi a value of n too 
small to show a visible movement of the 
m endian 

The special conditions XY ~7r/2 and YZ — tt /2 
involved m the above movement may be 
xemoved without alteration of the fonn of 
equation (Q) The mutual inclination of the 
hues a and ?/, y and 3 may he arbitrary, so 
that the point Y describes a small cnelo 
umloimly about X, and Z keeps at a constant 
distance from Y The valuable angle XYZ 
still obeys a lotated-pendulum equation, and 
may take eqiulibnum values detennined as 
befoie For a iapid spm the stable position 
of Z is that which gives the smallest value 
to XZ 

Moie gencially still, if Z is constimned to 
he on any ngid cuive that is lotated umfonnly 
at a constant rate n about a h\ed point X, it 
is at once appaient that the only positions of 
equilibrium aio those foi which the foice 
along ZX is eithei noimal to the curve at Z 
01 else is zeio lienee positions of cquilibiium 
ocelli at the foot ol any noimal drawn fiom 
X to tlio cuive (Z) The exceptional case 
of a zeio force (giving free movement of 
the gyroscope, with the guide out of effective 
action) occius if cos XZ™(C 10 /A ?i) , giving all 
points m which a circle centie X and laclius 
XZ cuts the curve , 01 moie exceptionally il 
XZ = 0or 7T, which can occui only when the 
cuive passes through X or its antipodes, as m 
the case fust above tieated 
It may further and more paiticularly he 
shown that the normals give stable positions 
for a minimum value of XZ when C£2>An, 
so that the circle is unreal , and that when 
OU <- Aw, so that the cnclo is ioal, the stable 
positions aie given by the minimum values of 
XZ for points Z outside the enelo, and by 
maximum values of XZ foi points Z inside 
the cnclo The otliei eqmhbnum positions, 
reversely, are unstable Foi the common 
cases that arise 111 present practice n is small 
compaied with i2, the circle is imagmaxy, 
and the minimum values of XZ correspond 
to the positions of stable equilibrium 

(10) General Considerations on Gyro 
scoria Mechanics — In eonsidoung the ra 
tionalc of gyroscopic movements tlio student 
will be well advised to adhoie veiy strictly to 
the pieeise con elation of oause and effect. 
Even when the spm is latge and the gyio- 
scoj)!© torque is dominant the assignment 
of applied torque and consequent piotession 
as pioportionai couelatives should he fol- 
lowed m definite detail In abbreviated 
verbal reasonings the common use of the 
word “tendency” is hurtful of much mis- 
undei standing The “ tendency 99 is usually 
a movement which is regarded as prevented 
by a constraint , and as the lemoval of 


the constraint would generally be followed 
by an altogether different movement the latent 
confusion is extieme 

Of ceitam w ell-estabbslic d statements winch 
must be quoted only with caution and under- 
standing a few may be cited 

<c A fice gyu> tends to keep the axis about 
winch it spins, unalteied m chicction” The 
fixity of dncction, in space, of Lbc gyio-axis 
is not peculiar to the spinning gyroscope, but 
belongs oqually to the non-spinning gyioseope 
Indeed any lino in any ficely balam eel body, 
onginally fieo fiom iotation, would behave 
111 the same way The pi attic al effect ol tlio 
high spin is that the laigo stoic of angular 
momentum demands a much huger value for 
the time integral of any disturbing tmquc to 
produce an assigned amount ol angular ebs 
placement, so that the casual disturbing 
forces, if identical m the two cases, will 
pioduco much less anguhu displacement m 
the axis of the gyioseope that is rapidly 
spinning 

u A lapidly spinning gyroscope offers gioat 
resistance to any attempt to altor the direction 
of its axis 55 It has been seen, § (8) (v ), that 
if a constraint supplies the gyroscopic torque 
the agent c on ti oiling the movement finds no 
: gyioscopio opposition at all A gyroscope 
mounted on a dooi, so as to spin in the plane 
of the panel, leaves the door as easy to open 
oi shut as il the gyroscope wore not spinning 
at all H provides no “ resistance,” although 
its axis lotatos with the dooi as the door 
swings But a torsional stress (about a 
horizontal line of the dooi) is thrown on the 
hinges If resistance) is defined it can be 
seemed (cf § (0)) by giving the gyroscope two 
degrees of freedom 1 datively to the piece 
moved by* the agent 

“ Iliury on tlio precession and the top will 
rise m opposition to gravity ” This is intended 
to apply to the slow procession oi a fop heavy 
top leaning at an acute angle limn the upwind 
vei tieal (of § (8) (iv )) The spin and procession 
circulate 111 the same sense, and the more 
genetal statement of § (ff) (7) covers what is 
really intended But as tho effect of the 
forward foice applied is (foi tho case of rapid 
spm) to produce an anguhu velocity of 
election only, and no sensible increase ol tho 
rate of piccossion at all, the procession is, 
after all, not u hurried ” Tho moaning Booms 
to bo that an attempt is to be made which 
would huiry tho procession if the dynamics 
wore not gyroscopic If it is desired actually 
to hurry the procession the foioo applied to 
the axis must ho such as to mcroaso tho 
gravity torque 

It may happen on occasion that the effect 
of “ huirymg tho precession ” is to mako it 
slower, or oven to reverse it A simple example 
may be given In the Wheatstone gyroscope 
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the casing Q may be fitted with a weight so 
that m the absence of spin the axis z is 
statically vertical for cithei of two positions— 
one stable and the othei (top heavy) unstable 
If the plane yz is tilted slightly, and the gyro- 
scope spins, a steady motion of slow pi ecession 
takes place In the top-heavy case the effect 
of ‘ e hurrying the precession ” will be to 
reduce the tilt, and so leave the late of 
precession reduced in the same ratio , and 
if the precession is so much “ hurried ” as 
to annul and reverse the small tilt, then the 
ensuing precession is reversed m sense Con- 
versely, m order to produce an actual quicken- 
ing of the precession it may be momentanly 
opposed 

The high speed given to gyioscoxies m 
practice, with the consequent dominance of 
the gyroscojuc torque, pioduces an experi- 
mental simplicity of effect which may even 
obscure the fundamental dynamics It would 
appear, ex gr , that on loading one end of the 
horizontal axis of the gyroscope of a Wheat- 
stone gyroscope the appropriate rate of pre- 
cession ensues automatically, and that the 
axis revolves uniformly m the horizontal 
plane If that were so, then neither the extra 
kinetic energy due to the precession, nor the 
new angular momentum about the vertical 
£c, can be accounted for , for the attached load 
is supposed not to have sunk, and its weight 
has provided no moment about the vertical 
If this precise state of motion is to be actually 
obtained the proper precession must be given 
initially to the piece P Without this proviso 
the point Z (Fig 2) describes m fact not a 
horizontal great circle but a series of small 
cycloids with their cusps on the circle, as if 
generated by a trace-point on a minute wheel 
rolling below the circle The mean level of 
the pomt Z is below the circle by an amount 
that accounts for the kinetic eneigy of the 
mean rate of precession, and the mean tilt of 
the axis z gives a component of the spin- 
momentum about the vertical that is equal 
and opposite to the angular momentum of 
the mean precession The same results m 
kind hold good if the axis z has a finite slope 
initially , and the case of a top abandoned 
with a rapid spin m an inclined position is 
another form of the same thmg The top 
appears to execute a steady motion •with a 
precession that is not provided for it, but 
the actual motion of the axis includes a 
tremor that involves both a variable preces- 
sion and a ‘'nutation” m respect of the 
inclination of the axis to the vertical (The 
decay of these rapid tiemors, under dissipa- 
tive forces of friction, etc , is usually veiy 
rapid ) 

In practical mechanics the attempt is often 
made to deal with gyroscopic movements by 
sole reference to the gyioscopic torque, to 


the complete exclusion of the supplementing 
toiques that ate independent ol tin spin On 
occasion the method sufifu es , but, it may lead 
to meaningless oi euoneotis lesulls In the 
case, ^ (9), of the gyroscope with an avis lien 
to revolve m a plane that is umfoimly iota1< d 
the gyroscopic tmque piosonts a component 
in the plane itself which no leaetion is available 
to supply The equation nl motion (li) loses 
all but its last teim, and the piohlem n 
stultihed It may bo fuithei suggested that 
the dynamical possibilities involved m the 
use of gyroscopes with model ate spins may 
piesently be developed 
The familiar demand tor an “ explanation " 
of the gyioscopic toiquo of a pmosumg gym- 
scope will he found to nurvive repealed dis- 
cussions of the phenomenon so long as they 
are based on the print iplo of angulai momon 
turn, and apparently tlu 1 demand tan only 
he met (if it need he) by the avoidant o oi this 
fundamental sophistication 1 f the simple < use 
of the movement of § (8) (in.) is considered, 
and if the axis of the gyroscope is at Ihn 
moment pointing oast and pieeossmg lo the 
north, and the spin is liom zenith lo ninth, 
then any small poition ol the top ol the time 
is moving northward, but on account of Iho 
precession it is located to the west of the 
meridian both before and alter passing flu* 
summit, and so has a component at coloration 
to the west The bottom ol the wheel luu 
similarly an acceleration to the east Hence 
the pair of equal forcoH necessary to account 
foi those accelerations eonnUtulo a couple that 
agrees with the known gyroscopic tmque m 
its plane and its sonso (of tj (0) (tf)) If the 
mass of the wheel be logaided as replaced by 
four pail tides equal m mass anil equally 
spaced round the rim, and two equal particles 
equally distant from the centre and placed 
on the axis, so as jointly to preserve the name 
mass and moments of media, the au cloud mu 
of each paiticle may be readily calculated and 
the forces found m detail. Hi icily, if the urn- 
masses are each m , and the radius w, then 
0=4 ma z The accelei aliens of the summit 
and bottom, to west and oast icspei tivolv, are 
2a,Qw (cf § (9) (m )), and all the other aeeelein 
txons are purely radial, donee the parallel 
and opposite forcos arc of magnitude Swailio, 
with an interval 2a between them, and thus 
give a torque AmaHlco, winch is equal to 
CQw If the general movement of the gyro 
scope is considered, in place of this very special 
steady motion, the additional torques, depen- 
dent on the diametral moment-el meitia A, 
can be similarly evaluated, The use of the 
artifice of equivalent pai tides thus enables 
the kmetio loaction of the gyroscope to bo 
calculated by appeal to the information 
supplied by the dynamics of a particle. 

a t n. 
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Hardness vnd Abrasion Tests General 
Considerations Sic ‘ Elastic Constants, 
Doleniimation of,” § (79) 

Hardness Tests Sec “ Elastic Constants, 
Betel imnation of ” 

Bnnoll Test, § (80) (m ) 

Depth hulicatois §(87) 

Indentation Method § (80) 

The Liidwik Method. § (85) 

Measming Mnioseopes § (86) 
r rho Pollux Apparatus § (90) 

Tho Slime Ktloioscopo. § (92) 

The Turner Sdoiomotci for Sciatcli Hard- 
ness l )eici munitions § (93) (i ) 

At Va lying Tempeiatiues § (120) 

Darker, 1904, companson of gas thermo- 
metei with sceondaty standaids of tom 
poiatuio m lango 500° to 1600° See 
ee Temper atm o, Realisation of Absolute 
Scale of,” § (39) (\i ) 

Harmonicj Motion When the displacement 
of a point from its position of cquilibiium 
is given by an expiossion of the form 
aam(nt + c) the motion is said to be 
<s harmonic ” I 

IIarrihon’s Theory op I/ubrigation See 
4 6 Ei lotion,” § (20) 

Head Resistance See “ Slnp Resistance 
and Piopulsion,” § (15) 

HEAT, CONDUCTION OP 

(1) Introduction — When one ond of a metal 
bar is heated, a change of tompeuature can 
voxy soon bo detected along the bar, due to 
the passage of boat thiough the metal, This 
power of ti ansmitlmg heat is possessed m 
varying degree by all maternal substances, 
and the phenomenon is known as the Conduc- 
tion of Heat It ih usual to distinguish it 
from two other agencies by moans of which 
heat m propagated and which are dealt with 
in separate sections m this woik — namely, 
Convection and Radiation In the case of 
convection the heat is tiansfonod by the 
actual movement of the heated matter, 
gaseous or liquid, as distinguished from 
conduction, m wluoh no txansfer of the matter 
itself is appaumt In fluids both conduc- 
tion and convection scorn to bo processes of 
diffusion. In tho ease of conduction the action 
m molecular, duo to tho diffusion through tho 
substance at rest of its moloculos, carrying 
with thorn their kmotio onorgy, m that of 
convection it is molar, brought about by the 
movement of small portions of the substance 
as eddies, or m other ways, thus transferring 
fLom point to point tho kmotio energy of tho 
molecules winch go to form the eddy. Both 


conduction and convection aie comparatively 
slow m their effects Radiation, on the other 
hand, is the transfei of energy by ethenal 
vibration and does not depend on the piesence 
of the matter Its velocity of propagation, 
whether m the form of waves of light, heat, 
or those used m wireless telegraphy, is, of 
course, enormous 

While it is convement to adopt this classifica- 
tion of the agencies of heat propagation, it 
should be realised that the phenomena are 
piobably closely related Por example, from 
the point of view of the molecular theory, it 
can be supposed that each molecule, as it 
becomes heated, affects those around it lty 
radiation or by imparting some of its increased 
vibration to them by direct contact The 
phenomenon of conduction might thus be 
regarded as a process of ultra molecular 
ladiation or convection If the analysis is 
earned further by adoptmg the modern 
theory of electrons, capable of diffusing 
through metallic bodies and conductors of 
electricity, hut capable only of vibration m 
dielectrics, the mechanism of heat conduction 
is i educed to diffusion in metallic bodies and 
ladiation m dielectrics It would be out of 
place here to enter on a full discussion of the 
mechanism of heat conduction The theory 
will be referred to only so far as is necessaiy 
to enable us to deal with the pxactical subjects 
treated below These will include a descrip- 
tion of some typical methods of measuring 
conductivity, together with a summary of the 
results obtained by various observers and also 
some applications of the theory to conditions 
of heat flow which are encountered m practice 
§ (2) Definitions — The first to give a 
precise definition of conducting power was 
Fourier, whose 
monumental 
work, Tlieone 
analytique de 
la ( haleur 
(1822), forms 
the basis of all 
mathematical 
treatment of 
the problems 
of heat flow 
(i ) Conduc- 
tivity Steady 
State — A clear 
conception is, perhaps, best obtained by con- 
sidenng a thin wall of material with parallel 
faces, one of which is maintained at a tempera 
ture 0i and the other at a tempeiature of 0 2 
(Fig 1 ) When the steady flow of h eat has been 
established — that is to say, when the amount 
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of heat flowing into the wall through one 
face is equal to that flowing out from the 
other, none being absoibed 01 given up by 
the intervening material — it can be shown 
that the quantity of heat passing through the 
wall is proportional to the difference m 
temperatuie between the faces The quantity 
also vanes inversely as the thickness x of the 
wall, and directly as the aiea S and the time t, 
so that we have the relation 


Q=KsA^ a or ICSi^, 


(1) 

u heie Q is the quantity of heat and K is a 
constant depending on the natme of the 
matenal of the wall and w Inch is called the 
“ Theimal Conductivity ” 

It is sometimes convenient to consider the 
thermal conductivity as being the latio of 
the rate of heat flow per unit area to the fall 
of temperature per unit thickness The latter 
quantity {d 1 ~O z )lx or dd/dx is called the 
“ temperature gradient ” 

Following from the formula above, the unit of 
conductivity is defined, on the C G S system, 
as the number of calories per second that 
would flow through every square centimetre 
of the surface of a wall of thickness X cm 
and with a difference of 1° C between its 
faces Another unit commonly used by 
engineers is the British Thermal Unit 1 per 
hour, per square foot, per mch thickness, per 
1° F difference To convert the 0 G S unit 
into the other unit it is necessary to multiply 
by 2903 

In the simple case, which has been taken 
above, of a wall with parallel faces kept at 
uniform temperatures, the surfaces of equal 
temperature m the mateual, oi “ isothermal 
surfaces,” will be parallel to the faces of the 
wall and the lines of heat flow will be straight 
Imes perpendicular to the faces If, however, 
the material is not m the shape of a plane wall, 
or if the conditions of heat supply are different 
from those assumed, the isotheimal surfaces 
and the lines of flow may be cuived and the 
problem of calculating the heat flow will 
generally become veiy compile atecl Foi 
such cases it is convenient to rewrite the 
equation m the foim 


common hums These aio dealt with m 
Pa it II below 

(n ) fhffusmtt/ V<n table Mate —The foi mu 
lae given above apply only to the (tow of boat 
when the steady state oi tempeiatiue has beam 
established thi on ghoul the body If, Imwovc i, 
the tempoiatuio of the body is ehaiigimr at ui\ 
point it is obvious that pint oi the heat inflow 
{ot outflow) will be accounted loi by the 
amount absorbed m laming (oi hheiatul by 
loweung) the tompoialmo ot the body at 
that point, so tliat flic heat flow will d< pond 
paitly on the theimal eapac itv As a, mat let 
of fact, in the equations governing tin* vanablo 
state the constant K/c ( > (or theimal conduc- 
tivity divided by heat capacity pet unit 
volume) ooeuifl TJuh constant Iiuh been 
called by Kelvin the “ lUfliistviiy,” while 
Clerk-Maxwell named it the u Theimoim 1 tie 
Conductivity,” nmeo it moamuoH the" change 
of tempoiatuio winch would be* pioduced in 
a unit vnlumo of the substance by (ho 
quantity of heat which flows in unit time 
tin ough unit area of a layer of unit thickness 
having unit diftmmeo of temper atm e between 
its faces 

Kelvin’s toim is the more commonly used, 
and occasion will bo hrnml to leiei to it 
full her m dealing with problems mining out 
of the variable Jlow oi beat 

I Methods <>e MOAHinuNci (Vwmmm itv 


Q — Ki(0 x — & 2 ) x shape factor, (2) 

8 1 and 0 2 bemg, as before, the temperatures 
of isothermal surfaces and the fc5 shape factor " 
being d constant depending on then shape 
and relative disposition The shape factoi 
has been calculated for a few simple cases, 
such as a sphere heated centrally and a long 
cylinder heated axially, and approximate 
formulae have been obtained for some other 
1 The British Tin rnul Unit (BTII)is the miantitv 
watcr^ b PM? 6 ? ie tem P era bue of 1 ! lb of 

at lts temperature of maximum 


Jn geneial him conductivity ol a uulenul 
is obtained under conditions oi steady heat 
flow, and, as has boon indicated aho\e, it 
can bo dotoimmod by mensmmg the bent 
flowing through a body m u. eetkm times the 
temperatuio at two m moio point h, and dm 
dimensions of tlie body Tlie evpemmmtnl 
conditions suitable m puitundar cases depend 
mainly on tho naUue ol tin* mnieiml to bo 
tested It is c cmvement ibeielore to t onmdei 
sepai ately the methods applicable to Solids, 
Liquids, and (lasts, and to subdivide tin 
flist mentioned umlei tlnee mum bendings, 
namely, pool, medium, and good eonduUme 
Ciysfcallmo m non-isoliopic solids me aim* 
dealt with soj mi at ely 

(3) SorjnH Poor G oMntteToiiHfK 0 CHIOOK 
to 0 00030) — Undoi tins bead eotim tin* 
materials which am uhch! fm purposes of bent 
insulation for example, ui the walls ol i old 
stoics and tho lagging of boflers They meludo 
such matonalH as omk, chamual* luWlguhi, 
magnesia, slag-wool, asbestos wool, and so on 
Before doscubmg tho methods of lest, d i H «* 
well to get mono idea of tho structure of the* 
materials and tlie mode of heat transfer. 

Jiio materials ai o not homogeneous woke I a 
m the physical sense, but are loose aggi egaimu H 
ot matter with a large number of included 
air spacos Then stmetma may be eifhn 
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fibrous 01 , as m the case of coil , cellular, 
but more often the matenals m question aio 
artificial aggiegates of small pai tides 01 
hbies The transmission of heat through 
such materials does not take place solely 
by conduction m the solid pa 1 tides The 
mass of these m a certain volume of the 
matenal is lelatively small, and then fine state 
of division gives use to a high theimal resist 
anoe due to the number of point contacts 
through which the heat has to pass 

In addition to conduction m the solid 
material there is the tiansfoi of heat by 
radiation and convection acioss the au-spaces 
That the former is small can he seen by 
considering an an space hounded by paialiel 
walls at absolute temperatures of O t and d i 
The heat loss by ladiation acioss such a space 
is independent ot its thickness, and is propor- 
tional to 0 1 <l - 0 2 4 , oi where the difference is 
small to 02-02 H now a thin partition of 
conducting material parallel to the walls is 
interposed between them, it will take up a 
tempeiatuio intermediate between that ol 
the walls (say, the mean temperature), and the 
radiation fioin the hot suiface to the partition 
will he approximately one half of that previ- 
ously passing between the hot and cold 
suifaces, and similaily, of course, lire radiation 
from the partition to the cold suiface The 
effect of the partition is thus to reduce the 
heat transfer by radiation to about one half 
Two paititions will i educe the lachation to 
about one-thud, and so on 

If, foi example, we take an air-space 3 inches 
thick, the temperature of one face being 10° C» 
and of the othei 25° C , the heat loss by 
radiation for suifaces which are “ full 
radiatois ’* would he about twenty times the 
heat loss that would take place through the 
an by conduction only — that is assuming 
all movement ot the an could bo prevented 
so that no transfer took place by convection 
Nineteen partitions would thus reduce the 
radiation loss to about the same amount as 
that due to pure conduction thiough the an 
The equivalent subdivision of insulating 
materials is far greater than this 

A somewhat similar argument tan bo applied 
as regai da convection, though the laws aio 
not ho well defined as those of radiation 
For the case taken above of an air-gap of 
3 inches with a temperature difloroncc of 
15° 0 , and supposing the walls vertical, the 
convection loss would ho of the oidci of 
seven times tlio loss which would bo due to 
conduction only By subdividing tho space 
the convection loss may be reduced, and if tho 
an -gaps are made small enough to rondor air 
currents impossible the heat will ho transferred 
solelv by conduction 

Thus we see that tho best insulating material 
is one which most nearly approaches in 


conductivity to an By subdividing space by 
small pai tides of mattei we can reduce tbe 
heat loss due to convection and radiation 
until it is not applet lably diffeiont fiom that 
of pine conduction thiough tho air, but tbe 
introduction of solid mattei inevitably in- 
creases the total of the conduction losses 
since all solids conduct better than air Hence 
it follows that thoio is a limit of efficiency to 
be reached by introducing sohd material 
This is cleaily shown m the icsults given 
bv Petavel foi the heat loss thiough slag wool 
insulation of different densities (Fig 2) it 
will he seen that the minimum value was 
obtained for slag-wool packed at 10 lbs pei 
cubic foot 

The conductivity of the class of pool 
conductors, oi msulatois, ranges m value 
from about 0 00008 to 0 00030 (HIS units, 
tho best insulators having nearly twice the 
conductivity of an (0 00005) Tho values 
have a positive coefficient with rise of tempera- 
ture which is frequently of the samo order as 
that of an 

Some typical methods for testing such 
materials are described below 

(i ) Spheiual HI )dl Method — Nu^eit — 
Theoretically tho simplest form ol sohd, 



Wt* of covoring material par ouOiq ft In pounds 

Fig 2 

from tho point of view of conductivity 
measurements, is the sphere or sphoucal shell 
Tho flow ol heat from a source at tho centre 
is symmetrical and follows a simple matho- 
matxo.il law On tho other hand tho use 
of a sphere generally gives use to considei 
able experimental difficulties and the material 
has to he made up into a special shape 

Uowovor, tho method has been successfully 
adopted by sever al experimenters, of whom 
Nusselt 1 may be taken as an example In 
his apparatus tho shell of material was con- 
huned between two sphoios of metal Tho 
umor one of copper, 15 cm m diametoi and 
1 5 mm thick, was split into hemispheres 
which were joined with a bayonet joint so 

* Forsrh Ver d lug, 1 900, Ilofto 63 and 04 
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as to give a smooth extenor The outer 
sphere was also split into two halves held 
together hy a flanged joint with bolts It 
was of zinc 1 mm thick and eithei 60 or 70 
cm in diameter The zinc sphere was coated 
with paint and its temperature excess above 
the atmosphere did not exceed 15° C 
The space between the spheres was filled 
with the material under test, and a constant 
supply of heat was maintained electrically 
inside the inner sphere The temperatures 
at different pomts m the material wore 
obtamed by means of a number of thermo- 
couples of iron — constantan Care was taken 
to ensure that the wires of each couple for a 
few centimetres from the junction were led 
along the isothermal plane so as to avoid 
errors due to conduction m the wires them- 
selves The importance of this precaution 
was shown by means of an experiment with 
infusorial earth, in which the junctions of 
two thermocouples were embedded m the 
material at equal distances # from the centie 
of the sphere that is to say, m the same 
isothermal plane In one case the wires 
from the junction were led away along the 
radius, and m the other at right angles to the 
radius (i e along the isothermal plane) Tho 
respective readmes obtamed were 74 9° C 
and 116 3° C 

To obtam the temperature distribution m 
the material, couples were fixed along three 
radn at right angles to each other, foui 
couples bemg ananged symmetrically on 
each radius In addition to these 12 couples 
others were fixed at different points so that 
the distribution of temperature was studied 
wuth some care 

When the steady state of temperature had 
been reached it was sufficient to know tho 
energy supplied to the central sphere, the 
temperature of two isothermal sui faces 
The conductivity is then obtamed fiom 
equation (2) above, the value of the sliapo 
factor being m this ease 2 wab/ib-a), wheie 
a and b are the internal and external radii of 
the shell 1 

Nusselt used the apparatus for testing a 
number of insulating materials such as 
infusorial earth, slag-wool, asbestos, powdered 
and slab cork, charcoal, sawdust, wool, silk, 
cotton The temperature range extended 
from tliat of the atmosphere to 500° G and 
the results are stated to inaccurate to 1 or 
2 per cent 

The packing of the material ancM^ 6 arrang- 
ing of the thermocouples must have^fe 611 


agieemont with those obtained with othoi 
obseiveis, as will bo seen fiom Table l 

(u ) Cyhnrhuul Shell Method -Lamb and 
WiUon — A eyhnduuil she'll oj malennl with 
plane ends was adopted by bomb uid 
Wilson 2 foi tho purpose of detei mining the 
conductivity 

Thou apparatus is ilhmtiated m Fo/ 3 
The mateiial was contained m the spate 
between two cylmducal toppei puls kept at a 
definite distance apait by j net os of vulcanised 
fibre The mnei pot contained a small motor 
with a fan att, uhed to the a\is A tinplate 
cyhnclei, open at the top and with holts at 
tho bottom, was put inside to duett tin* 
cuncnts of an ovei the moot smfate nl the 
inside pot, m tho (Inaction ol tho nnows 
Energy was supplied dot tin ally to a heating 
coil within, as well as to the motto , this 
constituted an internal supply of heat, which 
maintained tho tompoiatmo witlun the pot 
at any detei mined uppoi limit Tim tnotoi 
and boating coil woie oonimeted in senes, and 
leads were cirnod tluough a small bob' m 
the Jitl of tho pots to mcasuie the c uncut and 



tho potential difference, and thus tin* power 
expended on internal heating The outer pot 
was immoiscd m a tank kept overflowing 
fiom the watoi mam, the lid ol the pot being 
made into a sort of saucer, into which tho 
incoming wafctw uin In this way the smiute 
of tho outei pot was kept at. a mufoim und 
constant tcmpomliue 

Tim outer pot was 8 inches m diameter 
and 16 inches high, and there was a clear ant e 
of 1 meh between the two pots The tempera 
turcs of tho pots wore meamnod by tlveimn- 
i of copper and iron soldered at Ibe 
and G 

inary experiments with couples hoU 
different paits of tho eopjier pots 
m that the tempoiaturo distribution 
Proc Roy Soo , 1899, lxv» 285, 
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vms constant within 0 5° C , when woikmg 
with a temperature difteience of 25° C , 
hence the two theimocouples at B and 0 
weie lelied on to give the temperature 
diilerenr e 

The shape factoi m this case was taken as 


the ladn of the mnei and outer pot le 
spectively The formula is an approxima- 
tion, but expei iments with 2 -inch layeis 
gave results consistent with those foi I -inch 
layeis, so that it may be taken as sufficiently 
acemate 


T-ujll I 

Poor Conductors 


The thermal conductivity K is given m the Tables below as the nurnbei of cal ones pa sq cm 
pei set per 1 cm thickness per 1° 0 dilleienco in tompciature 


Subst into 

Tompezatuie 

°G 


| 

0 



100 

Asbestos 

\ 

000 



500 


[ 

30 


( 

0 

(Jliarcoal 

\ 

100 


l 

30 

» (diy) 


0 

Coik (powduul) 

{ 

0 

100 

, (hno gi inulated) 


0 

„ slab (cork and pitch) 

/ 

l 

f 

0 

0 


0 

Cotton waste 

\ 

100 


1 

100 

Eid< r down 


100 

Kd/polc (loose) 


30 

„ (tight) 


30 

Hair felt (sheets) 

{ 

3o 

20 



0 

Infusorial caith or Kicselguhr (loose) 

1 

l 

100 

400 


1 

f 

t 

0 

„ „ (baked lagging) 

0 

100 

Kicsolguhr and asbestos 

100 

Magnesia asbestos composition 


20 

Paper crumpled 


30 

Sawdust 


50 

„ (pine) 


30 

„ (in) 


20 

Silk (loose) 


0 

Whig (loose blast furnace) 


50 

(Slag wool (13 lbs per o ft ) 

f 

{ 

0 

30 

Wool 

f 

{ 

0 

100 

„ (density 0 02) 

100 

„ ( , 0 2) 


100 


2i r ( 


Ky 10* 

0 (4 H Units 

3 01 

4 61 

5 07 

1 04 2 14 

2 07 
1 JO 
1 75 
1 50 
l 20 
0 80 
1 VI 
1 01 

3 09 
1 12 
1 31 
1 04 
l 30 
1 10 
1 22 
1 44 
l 00 
0 8 

1 4L 
1 82 

2 19 
1 05 

1 78 

3 33 

2 18 
3 50 
3 07 
3 53 
2 42 

1 72 
1 00 

2 04 
l 04 
1 51 

0 92 

1 30 
1 10 
0 54 


Authonty 


Nusselt, 1009 
Randolph, 3912 

Lamb and Wilson, 1899 * 

Nusselt, 1909 

Land) and Wilson, 1899 
National Physical Laboiatory, 1920 

Nusselt, 1909 

National Physical Laboiatory, 3920 
Nusselt, 1909 

National Physical Lahoratoiy, 1020 
Nussilt, 3900 

Randolph, 1012 

Lamb and Wilson, 1809 

Lamb and Wilson, 3899 
Niven and fled ties, 1012 

Nusselt, 1909 

National Physical Lahoratoiy, 1020 
Nusselt, 1000 
Randolph, 1012 

National Physical Lahoratoiy, 1020 
Lamb and Wilson, 1800 
Nusselt, 1900 
Lamb and Wilson, 1800 
Niven, 1005 

Nusselt, 3000 

National Physical Laboiatory, 1020 
Lamb and Wilson, 1800 

Nusselt, 1000 

Randolph* 1012 


that of a cylindrical shell of the length of the 
inner pot plus that of the plane ends, taking 
their aieas as the mean of the end surfaces of 
the inner and outer pots This gave a value 
for the shape faotor 


.( h_ , r i 2 +!> 2 \ 

VofoWh) WW’ 

wheio l x and are the lengths, and and ? 2 


The temperature difleionoo in those experi- 
ments was about 20° oi 30° V , and the results 
aio summarised m Table 1 
As m the ease of the spherical shell method, 
the configuration of the appaiatus makes it 
difficult to secure umtoimity of packing, a 
point of some importance m determining the 
conductivity of many insulating materials 
Ft is not clear whether the question of heat 

2p 
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loss by conduction along tbe wnes leading 
from the inner pot was considered 

(m ) Wall Methods — (a) Randolph — In using 
the wall method it is assumed that the lines 
of heat flow aie perpendicular to the faces 
This is true for the central portion of a wall, 
but at the edges, unless the leakage of heat 
laterally can be prevented, the lines of flow will 
be curved The “ edge effect ” thus pioduced 
gives rise to troublesome corrections m 
applying the equation (i) above, and it only 
becomes negligible if the wall is veiy huge 
compared to its thickness The difficulty can, 
however, be surmounted by the use of the 
guard-img principle, the effect of which is to 
isolate a cential poition of the wall where the 
heat flow is approximately noimal to the 
surfaces 

.An example of an ajipaiatus of this kind is 
that designed by Randolph 1 for measuring 
the conductivity of insulating matenals 
He took a hot plate heated electrically by 
means of a resistance iibbon wound on mica 
The top of this plate is of copper, 7} inches 
m diameter and \ inch thick, and its temxmia- 
ture is measured by means of couples of 
platmum and platinum -iridium The matoual 
to be tested, winch varied m thickness from 
l inch to 2} inches, is contained between this 
hot plate and a water-cooled plate The lattoi 
is m two parts, the central one foinung a 
caloumetei and the outei one a guaid-nng 
A stream of watei is maintained m the 
caloumetei, and its rate of flow multiplied 
by the difference m temperature between the 
inflow and the outflow gives the quantity 
of heat leccived by the cential disc A 
similar stieam of water flows tliiough the 
guard-ling, and its temperature never clilloied 
by more than 0 1° C from the water m tho 
calorimeter With this small difference m 
tcmpeiatuie between contiguous portions of 
the guaid ring and calonmetcr, and as there 
was no metallic connection between tlio two, 
there could be no appreciable passage of boat 
fiom one to the other All tlio boat leaf lung 
the calorimeter was thus received (Inertly 
from the hot plate, and ilie lines of flow were 
approximately nonnal to the surf ac os The 
conductivity was obtained from equation (I), 
knowing the tomperatures of the hot and cold 
plates and the thickness of the material 
Randolph used this apparatus for obtaining 
the conductivity of a number of insulating 
materials such as asbestos and various asbestos 
compositions, mmeral wool, cliatomaceous 
earth, wool, cotton, eiderdown A summary 
of his results wall be found m Table 1 It is 
interesting to note that he adopted a standard 
of compression of the materials which were 
packed as closely as possible by tapping and 
were then compressed by 25 per cent The 
1 Trans American Rleetrochem Soc , 1012 , xxi 5 t r > 


! mcasuicments weio easily mafic with an 
accuracy of 2 per cent, but vaiiations of 5 per 
cent were found between elifloiont samples 
of the same material Tim cold plate was 
approximately at atmosphenc temper atuio, 
while tbe hot plate ranged from 100" to (>00 M {) 
It may bo icmaiked here that the How talon 
meter is not suitable for dealing with small 
tempeiatuie gradients oi, say, 10" or 20" ( 1 m 
tho case of insulating matenals, since the heat 
passing tliiough tho matoual would ho so 
small as to give only a minuter use m tompeui 
tuio of tho flow Further, the loakauo to oi 
fiom the huii mint lings might become com par - 
ablc with that passing through tho list 
material and thus giver user to consular able 
enois 

Some of Randolph’s values show a tendency 
to bo low, foi examples that loi wool I i bios 
(at elonsity 0 102) as being 0 000051, oi equal 
to air m conductivity 

(b) National PJn/vial LuhtnaUny -Tn the* 
apparatus dosmbc'd above the* hent flowing out 
through the colei lace of i he wall ol material 
was measuiefi, but tho ptactuo is sometimes 
adopted of determining tho boat supplied to 
tlio hot face This is emivonioutly done by 
ai tanging an oloetncally heated plate as a 
sandwich between two exactly similai walls 
of matoual Tho total energy supplied can 
easily bo measuiul, and it passes out in 
approximately equal amounts through tho 
two walls 

Fif]* i and 5 show an apparatus of this 
type which is m use at tho National Physical 



wound on mica, winch are clamped between 
shoots of brass or aluminium Tho plato is 
divided into two portions a cential squnrn 
area A, 3 feet by 3 feet, and a guard -ring B, 
1 Annual Report Nat, Rhus, Lab,, l Oil), 



435 


HEAT, CONDUCTION OP 


1 foot wide, sunoundmg it These poi lions are 
A< p«u«i tod by an an. gap, ami aic kept apait by 
ioui small wedges of wood oi fibie They am 
mdopomlently heated, and the enoigy supplied 
to eaeh in adjusted fie that the tempeiatuios 
ol the contiguous edges ate the same In 
tudei to tac ditate this adjustment the energy 
supplied to the top, bottom, and sides of the 



guanl-img could be Kopanitely contiollod (see 
Ji'uf l) Un dei those conditions the boat 

Hows awav irom the central poition m lines 
pot pondu ulnt to the suiface The outer 
siuiaeo of cat h wall ot the matenai is m 
contact with an non plate, winch can bo 
maintained at a constant tempeiatiuo This 
is elleeted by the cneulalion of watei oi 
brine tlumigh a coil of square section lead 
pipe, whn h is clamped on to the back of the 
plale (/'V/ fi). The plate and coil arc con- 
tained m a wooden case packed with insulation, 
which is not shown m the hguie The coil is 
wound m a bililm mannci, so that inflow 
and outtlow pipes alternate, and thus the 
(cmponil uio is umfonn ovet the whole surface 
r Phe cold plates can conveniently ho lun at 
any tcinpiuafciuo fiom - 25° C to Tib C | 
The lempemtuto distiibulioii is studied by 
means of a uiunbcs ol thermocouples lot into 
gioovcs m the hot and cold plates By taking 
due precautions the plates can bo kept 
umfot m m temperature to within, about 0 01° C 

By moans ol this apparatus walls of insulat- 
ing mates i il have boon tested undoi conditions 
eon expending closely to those prevailing m 
cold Hloics Some of the results obtained are 
given m 'Pablo I, 

j, (4) Sonins, Medium Conductors 
(K 0 0003 to 0 01). — Tho division between 
the poor and medium cemductms is purely one 
of convenience All nun-metallic bodies not 
included m the forme i class fall into the lattei 
Examples of the medium conductors are the 


vanous lands of woods and other organic sub- 
stances, the refiactory materials and bncks 
used m furnace construction, rock's and mineral 
substances The limits of conductivity may 
be said to be from 0 0003 to 0 01 C G S umts 
No general mle can be laid down as to the 
change of value with temperature As may 
be expected, the more granular materials 
show an increase in conductivity with use of 
temperature, while the homogeneous solids 
geneially show a decrease 

( 1 ) Cylindrical Method — A numbei of experi- 
menters have used a solid cyhnder of matenal 
heated axially to measure the conductivity 
The heat is generally supplied by a w ire along 
the axis, and the temj)erature is measured at 
two or more points at different distances from 
the axis If Q is the quantity of heat generated 
per unit length of the heating wire, then 

_2w K(fl 1 — fl 8 ) 
logs ( J sh i) 

We may take as examples the experiments 
of Niven, Poole, Clement and Egy 

(a) Niven — The conductivity of a number of 
materials such as wood, sawdust, sand, plaster 
of Pans, and garden mould w as measured by 
Niven 1 

A general view of the apparatus is shown 
m Fig 6, while the arrangement of the wares 



fox heating and measuring temperature are 
shown m Fig 7 Tor the central heating 
who CD, platinoid of gauge 34 or 40 was 
used The wires A A and BB were of platinum 



They were prepared by coating a platinum 
wire with copper and drawing down till the 
platinum had a thickness of 0 035 mm and 
the copper 0 27 mm The latter was then 
dissolved off The change of resistance of 

1 P) 0 C Hoy Soc , 3905, lxxvi 34 
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these wiies gave the diffeience in tempeiatme 
between the i&othoimal sui faces, whose dis- 
tances from the axis could be accmately 
measured Niven experienced considerable 
difficulty in the use of these fine wiies, and 
eventually abandoned them in favoui of 
"thermo-junctions consisting of German silvei 
wire and iron 0 2 mm m diameter 
When solid material was being testod in 
this apparatus, it was m the form of two half 
cylinders One of these was moved up 
underneath the wires until they rested on its 
face, and the other half cyhndei was then 


fixed on top Foi loose mntenuls c > lnu 1 j it u ! 
wooden shells weio used as tmitmneis 

Niven gives an appioximalo euk illation is 
to the time taken fm the How ol heat to i< n h 
the steady state Assuming the hmpeiatine 
to bo taken at two points irspeitnely I md 
3 pm from axis, and taking sand wlueli ht, 
a diftusn ity of about 0 0032, the 1 time taken lot 
the tempeiatme ddleiemo to lesili within 
5 pci cent of its final value aau-j M horns, and 
within 1 per cent of its htial value 1 \ boms 
A summaiy of Niven’s icsults is m< bided m 
Table 11 


T4BLH II 

MbuiIIM rONDUOLOTtS 


Substance 


Temper itme TC 10* 
i °C OUK Units 


It 00(^9 


Ash . ... 

20 

3 0 


Beech 

20 

3 7 


Fir 

20 

2 61-3 94 

f 

Mahogany 

20 

3 12 


Norwegian pme 

20 

3 18 

1 

Oak 

20 

6 01 

| 

Teak 

20 

3 97 

J 


Fireclay BricLs — 

66% SiOo 29% A1 2 0 3 / burnt at \ 
4% Fe 2 0 3 0 5% CaO 11050° C J 

■n.ii-. /i j. — i umno n \ 

i 


Ditto 
66% SiO, 
1% Pe 2 0 3 
53% Si0 2 
2% Fe 2 0 3 

Silica Bricks- 
94% Si0 2 
2%Fe 2 0 3 
Ditto 
95% SiO, 


(burnt at 1300° C ) 
31% A1 2 0 3 j burnt at 
1% Aik \1330° (J 
43% Al 2 0 3 
1 5% Aik 


1% A1 2 0 3 thumb at 
2 0% (JaO \ 1050° C 
(burnt at 1300° C ) 
2% A1o0 3 

I 1% Fo 2 0 3 1 5% CaO 
96% SiO> 0 9% A1 2 0 3 

0 8% Fe 2 0 3 1 8% CaO 

Magnesite Bncls — 

92%MgO 5% Si0 2 

1 6% Fe 2 0 3 17% CaO 
86 5% MgO 2 5% Si0 2 
7 0% Fe 2 0 3 2 7% CaO 

Diatomite Bricks — 


Basalt 

Chalk 


lie [factories 


230 1160 

230 1000 
(»()() 
1000 
100 
1000 


100 1000 
150-930 
400 1200 

100 

1000 


320 560 
700- W00 

450-8,30 


100 

500 


36 0 
42 0 
30 6 
40 5 
10 9 
33 9 


20 0 
31 0 
30 0 

22 0 
42 6 


1 61 0 
91 0 

136 0 


3 10 

4 61 


Autluull y 

Niven aniUleddi h, UH3 
Niven, 100C 

Niven and UedclcH, 1012 


Wologdme, 1909 

Dougill, llodmmin, mid Cobb, 1915 
Boyd Dudley, 1015 

Wologdme, 1909 

Dougill, (lottamati, mid Cobb, 1916 
| Boyd Dudley, 1915* 

| Dougill, Uodsmim, and Cobb. H)U» 
Boyd Dudley, 1915 

j National Pbysmal Laboratory, 10 10 


Bocks 


100 

40 0 

) 

400 

30 6 

Poole, 1914 

000 

30 6 

1 

0 

31 7 

It Weber, 1880 

20 100 

62 0 j 

11 edit, 1904 


22 0 ! 

Horsohell, Codebour, and Dmm, 1870 
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Tabli If- 

-con turned 


Substance 

Tempi idtuie 
u 0 

K ' J0‘ 

0 U 8 Units 

4utbontv 


Hod s — co ntm ued 


( 

100 

57 0 

j Poole, 1914 

Giamte 

500 

37 0 

l 


75 0 97 0 

IT F Webei, 1911 

Lava 

10 100 

21 0 

Moiano, 1898 

f 

100 

50 0 

j Poole, 19 U 

Limestone i 

150 

U 0 

( 


78 0 

Ilcoht, 1901 

Marble j 


82 0 

11 F Weboi, 1911 


71 0 

Lees, 1892 

JPmmco | 

50 

5 50 

Nussclt, 1909 


GO 

TTcimi hell, Ledoboui, and Dunn, 1879 

►Slate 

94 

35 7 

Lies and (hoi lion, 1890 


Miscellaneous 


Cement (Portland) 

90 

7 l 

Lees and Choilton, 1890 

Clay till 

20 

17 0 

Niven and dtdiks, 1912 

Ebonite 

35 

12 

Lus, 1898 

Glass (pi itc) 

20 

1<1 2 

Niven and Gcddm, 1912 

,, (22 o/ window) 

35 

24 5 

Lies 1898 

Oat den mould (dry) 

20 

t 8 

Niven, 1905 

Leatliei 

20 

3 29 

j Niven and Goddis, 1912 

Linoleum 

20 

1 51 

fSTaphthalono 

35 

9 5 

Loos, 1898 

T?apci 

Paraffin w ax 

20 

20 

1 27 

0 05 

J Niven and (1 odd< 8, 1012 

Idastci of Pans 

20 

10 7 

Niven, 1905 

„ „ (made up) 

20 

12 0 

B A Committee 

Ltubbc r 


45 

Lees, 1892 

Sand (lint ) 

c , , , f 

20 

05 

Niven, 1905 

20 

0 15 

Niven and derides, 1912 

►Sulphur i 

35 

07 

Lees, 1898 

►Shellac 

35 

58 

Lees, 1898 

V ulcamte 

20 

4 21 

Niven and derides, 1912 


It is not clear from the description given 
\v Hethoi any special precautions were taken 
to guard against u end effect ” due to the con- 
duction of heat at the ends of the heating wne 
and cylinder Apait from this point the 
method does not seem to be open to criticism 
(6) Poole 1 — This expemnenter made use of a 
eylindoi of material foi measuring the condue 
tivity of rocks The cylinder was heated 
axially by means of a wne dissipating a known 
amount of energy, and it was contained inside 
an elccLiic furnace maintained at a constant 
temper atux o which ranged up to 600° 0 
Hovoial mochlications of apparatus were used, 
one of which is illustrated m Pig 8 

The furnace consisted of a copper tube 
wound with insulated mchrome wire and 
contained m a lagged case The specimen 
cylinder of lock A fitted roughly mto the 
furnace, the ends of which CC were filled with 
pulped asbestos millboard The cylinder was 
15 cm long by 3 G cm diameter and had a 
hole boied down its axis With a soft rock 
such as limestone, a hole as small as 1 5 mm 
x JPhxl Mag , 1912, xxiv 45, and 1014, xxvil 58 


diameter could be boied, hut with haul locks 


like giamto oi 
4 5 mm m dia- 
metoi In the 
lattei cases the 
hole was either 
filled m with 
cement, through 
which a smaller 
hole could then 
bo bored, or the 
platinum heat- 
ing wire (0 3 
mm m dia- 
meter) was 
wound with as- 
bostos cord to 
keep it central 
in the hole A 
constant cur- 
rent was passed 
through the 
wire, and the 


basalt the lido was neaici 
TM ,d ,b 



Fig 8 


potential drop was measured on the central 


portion 10 cm m length By using a 
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cylinder relatively long compared to its 
diameter and by measuring the energy 
dissipated in the portion of the wire well 
within the cylinder, the troublesome end effect 
found m preliminary experiments was ehmi 
nated The difference m temperature of two 
isothermal surfaces and the mean of the 
temperatures of the surfaces were measured by 
means of couples of platinum and platinum 
iridium 0 1 mm m diameter The couples 
were all m the central plane of A perpendicular 
to the axis, the cyhnder being cut m half at 
this point The arrangement of the couples 
is shown in Fig 9, which is a plan of the 



lower half of the cyhndcr The junctions of 
the couples are fixed in circular grooves cut 
in the face, the grooves bemg connected by 
radial grooves for carrying the wires between 
the circular grooves and for carrying them 
out of the cylinder It will be seen that the 
couples aie arranged so that the mean EMF 
gives the mean difference m temperature of 
the circular grooves The diameters of the 
latter were respectively 2 01 cm and 0 725 cm 
They are V shaped, 2 5 mm deep and 1 5 mm 
wide, while the radial grooves wore 0 5 mm 
deep The couple wires were cemented m 
the bottom of the grooves, and the two half- 
cylinders w ere cemented together In the 
right-hand half-cylmdei a groove was cut at a 
distance from the axis equal to the goometno 
mean between the ladn of the grooves on the 
opposite face A single couple, fixed m this 
groove, thus served to give the mean 
temperature of the isothermal surfaces 
The temperature difference between these 
isothermals was of the order of 10° C , while 
the mean temperature of the whole apparatus 
could be fixed at any point by an automatic 
control The measurements were made when 
the steady state had been approximately 
reached, and a method is given for correcting 
for small departures from the steady flow 
Poole also made use of a cyhnder cut into two 
parts longitudinally instead of transversely 
This has the advantage of enabling the axial 
groove to he made very small and accurate 
A similar arrangement for determining the 


diffeienre in temperature betwoui isnllimml 
surfaces is adopted, the ptm turns nl tin- 
couples being, of course, m a longitudinal 
plane instead of a transvciBO plane as before 

Poole made a study of flic \anafion of 
conductivity of limestone, granite, and basalt 
by means of Ins apparatus lb- slums flint 
the two foimei give deci oases nl eond activity 
with use of tempeiatiuc, wliih basalt shows a 
slight rise to about 200° 0 , above which the 
conductivity is constant On piolonged beat 
| mg all tlueo matenals show n poimunenh fa,ll 
m conductivity, due apparently to small < lacks 
m the locks 

(c) Clement and Eqy — A Biimlai method to 
those desenbed immediately above was ust d 
by (Jlement and Fgy 1 foi obtaining the 
conductivity of fneclay bucks The speci- 
mens wore m the foim <>1 hollow (\lmdets 
heated by a coil of nickel who wound on a 
porcelain tube fixed along; the axis ol the 
specimen Two holes weto betid parallel 
to the axis foi the insertion ot thoi moeouples 

The method has the disadvantage that 
specimens weie icquned ot special foim 
differing fiom that in which the matonal 
is used, and there would weeni to have been 
some uncertainty m the measurement of the 
radial distances 

(n ) Wall or ftlab Methods - A numbet of 
observers have deleinunotl flit- < undue trvily 
of materials of 
medium condui tivity 
by oxpei iments on 
walls or slabs In the 
impel tant class of re- 
fractory materials, tho 
methods adopted by 
Wologclinc, Dougill, 

Ilodsman and Cobb, 

Boyd Dudley, and 
Griffiths are described, 
while for othoi 
matenals tho wmk of 
Lees is referred to 

(a) Wohgdme — An 
extended investiga- 
tion of tho thonnal 
conductivity of i of ractoiy materials o! Krem h 
manufacture was made by Wnlogdme,* 5 

A diagiam of the apparatus he employed is 
shown m Fig 10 The specimen imdei lest wan 
spoeially made m the form of a enmdai disc, 

5 cm m thickness, with a bevelled edge forming 
a portion of tho walks of a gas healed mu Me 
The tempeiaturo gradient through the slab was 
obtained by embedding two } datmum, plalimuu- 
rhodium couples at a depth of 5 mm, from each 
face. An additional thor mo -element m the an 
near the hot face gave tho fumaeo temperalur ( 

X0O9' P xxxw e^S:19O9, XXV hl 71 ’ JhUl lrniV tUmm9 > 
r * H ei ri nd Chcm 1Sno> 10O4> > vi *l«» t tr.une 
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The heat transmitted Enough the slab was 
meisuied by a flow calonmetti m the fotm 
shown in the figuie 

Tho design of the calonmoter is the weakest 
point m the method, since the presence of a 
cooled aiex on the upper surface must distort 
the How lines fiom noimal A guard ung 
around the calorimeter would have eliminated 
this soui a of error 

Tho couples were calibrated by reference 
to the tuc/mg-poiuts of copper, common salt, 
and aluminium, together with the boihng- 
pomts of sulphur and naphthalene With the 
exception of sulphur, the values assumed for 
those lived points aie m fan agreement with the 
values accepted at the piesent time Foi tho 
boiling point of sulphur the value 455° was 
taken instead of tho generally accepted value 
415 5° 

In tho case of each maternal, samples were 
hied at two tempeiatuies, 1050° C and 
1300° 0 , and it was found that tho conduc- 
tivity mcieasecl with the filing tempeiatuie 
Thus silica bucks hied at 1300° C showed a 
valuo f>0 per cent greater than those burnt at 
101)0° C Wologdmo also found that thermal 
conductivity incioasocl with temperatuie, 
cxcoxit possibly in the case of chromite brick, 
foi which the value was nearly constant 

(b) Dougiil, Hodman , and Cobb — The ther- 
mal conductivities of some flie-clay, silica, and 
magnesia bucks weie investigated by Dougiil, 
Hodsman, and Cobb 1 Thoir appaiatus was 
somewhat simiku to Wologdmo’ s, but designed 
to take ordinal y sized samples. The heat 
transmitted was moasuiocl by the evaporation 
ol water from a vessel oemonted on to tho top 
sui lace of the buck This oaloiimotcr was 
composed of a laige vessel, 9 inches long by 
4V wide by 3 inches high, with a plane base 
Within the laigei vessel was fixed tho calon- 
motoi piopei, consisting of a chamber 4 inches 
long by 2 inches wido by 2J inches high 
Steam distilling from this mnei vessel passed 
tluough a sloping tube to a condonsci, the 
water bomg collected m a measuung jai 

Tho usual rato of evaporation was about 
5 c c. pei minute Tho authors state that it 
was found advantageous to suuound the mnoi 
chamber with a non-conducting picket, and 
fox this purpose sheet rubber was found to be 
satisfactory 

Probably it would bo better if, m this 
method, tho calorimeter was entirely separated 
fiom metallic connection with tho larger 
vessel, since tho existence of a slight gradient 
of tem poi atuio across the motal base might 
seriously vitiate tho losults 

An mteiestmg fact brought out by the 
investigation is tho maikod dccieaso with 
temper atuio in tho thermal conductivity of 
magnesia brick 

1 Journ Soc Chcm Ind , 1035, xxxiv No 9, 105 


(( ) Boyd Dudley — Experiments on fne clay, 
silica, and magnesia bucks of Ameiiean 
manufacture weio earned out by Boyd 
Dudley 2 The material under test constituted 
one wall of a furnace heated by means of 
by product coke By caieful regulation of 
tho draught a umfoim combustion Enough a 
depth of 26 inches was obtained Tho bucks 
composing the wall weie 9 inches by 4^ inches, 
and built so as to pioduce a flat suiface 
The heat transmitted through a definite area 
of tho wall was measured by a flow calorimeter 
8 inches by 8 inches, fitted with a guaid-nng 
A period from eight to nmo hums was allowed 
to elapse after starting tho hie before observa- 
tions were commeneod 


Tho tempeiatuie 
bucks was obtained 
by means of a plat- 
inum, platinum- 
rhodium couple in- 
setted to various 
depths m holes bored 
to within l inch of 
the inner face, 
measurements being 


giadient thiougli tho 




Pm li 


poratuio at various points is simple, hut suffers 
from the disadvantage that the couple wires 
aio perpendicular to the isotlioimal planes and 
tho leadings may be vitiated by conduction 
along tho wucs cooling the junction 

Dudley found that tho conductivity of 
magnosito was practically constant between 
415° and 830°, which is contrary to tho 
results of Dougiil, Hodsman, and (Jobb, 

(d) Griffith# — An apparatus used by thiHiths' 1 
foi measuring tho conductivity ol slabs of 
refractory inateuals is illustrated m Fig IJ 
Tho iaoes ol those materials aio always 
irregular and are generally slightly cuxved, 

a il let and Chem Ting , 1915, p 315 
3 Trans Faraday 8oc , L917, xli 109 
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so that it is difficult to obtain a uniform 
surface temperature With a view to meeting 
the difficulty the heat was transmitted to the 
hot face of the brick by means of molten 
metal, which adapts itself to the inegulanties 
of the sui face Tin was found to be satis- 
factory for the purpose at low tempeiatuies 
It was contained m the cast non tray T, 
winch has a uniformly distubuted heating 
coil attached to its under surface The depth 
of the molten metal is about 1 cm , and the 
brick under test rests on thiee piojeetions, 
so that the free surface of the tin aiound tho 
edges stands at a level of about 2 mm above 
fche immeised surface of the brick 

The temperature of the molten tin was 
obtained by means ot a platmum platinum- 
indium couple The details of the constiuct- 
tion of this couple are showm m Fig 12 

The wares w r eie separ- 
ately insulated in the 
quaitz tubes, which aie 
enclosed m an outer 
sheath, the 
external 
diameter 
of which 
was ap- 
proximately 5 mm The 
bulb B was sealed off m 
the oxycoal-gas blowpipe 
after the mseition of the 
wires, and no difficulty 
was found in bending the 
tube into the L foim with 
the wires m situ, pro- 
vided the heating was 
not unduly prolonged 
By rotating the couple 
the temperature distribu- 
tion over a wide aic 
could be explored, and 
the insulation of the 
quartz was sufficiently good to prevent any 
leakage from the heating circuit into the 
potentiometer 

The temperatuie of the cold surface of the 
brick was determined by seveial iron-euieka 
(constantan) thermocouples bedded just flush 
with the surface The calorimeter was at- 
tached to this surface by means of a tlnn 
layer of Punmachos cement 

The construction of the flow calorimeter 
will be understood from Fig 11 The guaid- 
rmg G is sepai ated from the calorimeter 
proper C by a narrow gap about 1 mm wide, 
the space being filled with mica plates M sot 
on edge so as to pioduce a level suiface The 
inflowing water divides at D, and flows thiough 
adjacent turns of piping in the calorimetei 
and the guard-ring Since the temperatures 
of the two streams are the same, this tends to 
eliminate any gradient of temperature acioss 




Fig 12 


the gap separating the Cdkmmetei fiom (ho 
guaid-rmg The latio of flow wan adjusted 
to pioduce equal tempeiatuio iiHt‘ DiUcion 
tial couples of six pans of copper -eonHt.mt«in 
measured the rise in tempeiatuio ru tho wa(< i 
flowing thiough the ealomnetei Tlu* tube 
containing the inflowing couple is sopanil oil 
fiorn metallic contact with the ealmumtii 
by a shoit connecting piece of ebonite K 
A steady stream of water is obtained by tho 
constant level tank shown, and tho into ol 
flow through the calorimeter deteinmied by 
the time icqunedto collect one litio oi watei, 

In order to detect any systematic oiioih the 
experimental conditions weie vaued b\ nltci 
mg the late of flow r , changing the ddlemituit 
collides, and the thickness of slab oxpoumentid 
on 

In experiments at tompci alines above tfit) 0 
the hot face was maintained at a umiutm 
tcmpezatiue by pressing it against a (hit non 
plate foimmg a portion of the wall ol a large 
uniformly heated muffle In this case the 
hot face temperatuie wars clcteiinined by two 
bare mckel-coppei, mckol-ehioimum couples 
of No 19 gauge wne cemented on the 
suiface 

Data foi the samo sample over tho same 
temperatuie range obtained by two diifeienl 
modes of heating were m close agreement; 
tho molten metal bath method giving more 
concordant results than tho mufllo method 

(e) Lees — Lees 1 has determined tho con 
duotiviiy of small thm slabs of inn tonal by 
means of a somewhat novel method 11 is 
arrangement is shown diagi animat loally m 
Fig 13 A small hot plate is formed oi two 


Copper C 


Heating Coil 


Copper U 


Substance S 


Copper M 


Fig 13 


copper discs C and U, between wluc li is 
sandwiched a heating coil of platinoid insulated 
by mica Tho thickness of tho coil with tho 
insulation was 11cm, tho thickness ot V 
103 cm , and U 312 cm, 

S was tho substance whoso conduct ivify 
was to be measured, while M was another 
copper disc 32 cm thick The contacts of 
S with IJ and M were improved by smew mg 
the surface with glycerine and wilding them 
together Tho diameter of all the discs wum 
4 cm At opposite ends of a diameter of 

1 Phil Trane Hop Soc , 1898 N exti 200 
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each u ppu di^c wtii* soldeied a platinoid 
rwl o)|)pii vviil vviuili formed a theimo- 
jumlrun ioi the mtasuicnient of tempera 
true 

Win n the discs had been assembled they 
iv ere \aimshed to dive them the same eims 
wvjty, and i hr pile was suspended m a 
const mi kinpeialuic enclosure The current, 
u is switched on in the heating coil, and after 
a duo time had been allowed for tho steady 
state to Ik* j cached, the energy was measuied 
and the temper atm os of tho three coppei 
disc s 

Tho theory may be briefly stated as follows 

Let II 1 iti of energy supplied to the heating 
coil, 

It heal loss pci second per sq cm for 1° 
c \ions of tempi latme of tho discs ovei 
that ol {lie cm leisure 

o -the eve e rs of temperature over that of 
tlu milosun, 
t - thrckuiHR of <Us< 
t —inch u« of tlu discs 

Now flu luat re c fixed poi second by tho disc M 
and given uj> to tlu air is 

™~%(n y') « M 

Snmlaily the heat received by S and given up to the 
air from its exposed sml ico or passed on to M is 


If 1C is the thermal ccmduitivity of tile disc 8, then 
tho heat flowing through the dine is 



Ah aiming dial (ho Ik at flowing through the disc to 
he tin* nu an of the 1 - heat flowing into and out of die 
dim , it the mean of tlu hist fwo quantities above, 
we ge t 





'm + 


h 



Wlmli gives us a relation between IC and h 
Further, the total heal imparted to the system 
must equal llmt given up to the an from all 
tho exposed smfaeeh, and therefore we got the 
e quutum 


/ 2 / v w + v tf 

II wV, 1 1>„ I <y I } p M .’ K y I <„»„ 

I C»o) ) 


From these two equations tho values of K 
and h can bo determined by measuring II and 
the tompoi atures of tho discs 

Lens worked out tho correction foi tho 
conduction ol boat along tho thermocouple 
wires and tho leads to tho heating coil, 

Ho used tins method for deter mining tho 
conductivity, and variation of conductivity 


with tempeiatuie, of a number oi substances, 
such as glass, sulphur, ebonite, shellac, blue, 
naphthalene, laid He also extended this 
method to apply to hepuds m the manner 
described below (§ (7 n )) 

§ (5) Solids Metals (Iv =0 0X5 to 1 00) — 
The class of met ils is distinguished by its 
high conductivity alike of licat and clectneity 
Tins is explained by tho supposed dependence 
of tho two phenomena on tho diffusion of 
elections, and a mathematical relationship 
has beon established between them which, 
as will bo shown below, is paitially conlu mod 
by oxpemnent In the noil-metallic solid, on 
the other hand, tho electron is supposed to 
be capable of vibration only, so that heat 
conduction is assumed to he due to internal 
ladiation While this themy explains the 
Known facts better than any yet advanced, 
it should be pointed out that it fails to account 
for the fact that some dielectrics have a higher 
conductivity th m tho wmse conducting metals, 
e fj the ( onductivity of quartz parallel to tho 
axis (K— 020) is greater than that of bismuth 
(K = 0 0I() to 0 019) 

The conductivities of metals range from 
0 015 to 1 00 0 Or iS units Pi actually all tho 
pure metals have a small negative coethciont 
of conductivity with rising tempeiatuie, while 
tho alloys show a positive coefficient 

The high conducting power of metals gives 
nso to ceitam modihcations m tho types 
of appaxatus described above Thus it is 
necossaiy to use a considerable thickness ol 
metal to obtain appreciable tempeiatuie 
gradients, and tho measuionumt of the bound- 
ary temporatuies is very difficult This 
latter point is well illustrated by tho early 
experiments m which a slab of metal was 
heated on one side by steam or hot wafer and 
fooled on tho other side by ice or cold water, 
Undoi these conditions the temper atures ol 
the face's of tho metal wane assumed to bo 
those of tho steam, ice, oi water as the ease 
may he Acting on tins assumption, Clement 
obtained a value for the conductivity of copper 
which was 200 times too low, while Pec let, 
who was aware of tho source of error m 
Clement’s woik, and took extraordinary 
precautions to secure efficient stxrimg, still 
obtained a value for copper which was about 
one fifth of the tine value The difficulty 
is due to the fact that, even with tho most 
Vigorous stirring, there is always m contact 
with tho metal surface a thin film of fluid 
winch is at lest, and thus has a temperature 
gradient through it If d is the thickness of 
the metallic plato (of true conductivity K) 
and d x and of the stationary films of fluid 
(of conductivity K/) on each side, it can 
easily be shown that tho effect oi assuming 
the temperatures of the metallic surfaces to 
bo those of the moving liquid on oaeh side 
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is to give an apparent conductivity of the 
metal equal to the tiue conductivity divided by 

, , K K + «*,) 

+ K' d 

In the case of copper and water the value of 
K/'K' is about 700, so that the value of d x and 
would only have to be 7 j} n of the thickness 
of the copper to obtain an apparent con 
ductmty one-iifth of its true value 
(i ) Plate Method Hall — In spite of the 
dilhculties mentioned above, the plate method 
lias been used—- notably by Hall, 1 to whom 
is due an ingenious method of detei mining 
the diffeienoe in temperatuie between the two 
faces of a thin metal plate 

He expei imented with a disc of iron 10 cm 
in diameter and 2 cm thick Each side of 
the disc was c oated with copper to a thickness 
of 2 mm By attaching a coppei wne to 
each side a differential thermocouple was 
obtained the E M F of which gave the 
difference m tempeiature between the two 
surfaces of the disc Hall had a number of 
copper waxes attached to the copper faces, 
which w r ere immersed m streams of water at 
different temperatures The heat coming 
through the disc was given by the late of flow 
of the cold water (about 20 gm per second) 
and the rise m tempeiature (about 0 5° C ) 
The difference m temperatuie between the 
faces of the iron disc was of the order of 
1° C , which corresponded to 10 microvolts 
of the differential couple The individual 
wires gave readings chffoiing by as much 
as 10 per cent, which was a serious source of 
uncertainty Hall obtained values of con- 
ductivities as follows 

Cast non, 0 1490 C G S units at 30° G 1 , temperatuie 
coefficient -0 00075 

Puio iron, 0 1530 C G S units at 30° C , temperature 
coefficient - 0 0003 

The value for puic iron is m good agieement 
with recent determinations, while the value 
foi cast iron seems to he too high 

(n ) Bar Methods — Foi the reasons which 
have been indicated above, bais have been 
commonly adopted instead of plates for the 
purpose of conductivity measurements 
(a) Forbes — One of the earliest methods of 
detei mining the conductivity of a metallic 
bai was that due to Foibes lie took a long 
bar kept at a fixed temperature at one end 
When the steady state of heat How had been 
reached, the temperature at a senes of points 
was measured by means of mercury thermo- 
meters let into holes m the bar By plotting 
these observations and diawmg a smooth 
rough them, the complete temperature 
Hong the bar was deteimmed 
51 ourve at any point gave 
tend , 1898, xxxlv 283 


the tempeiatuie giadunt (dO/cli) at that 
point 

To obtain the heat flowing across the 
paiticular cio&s-sectron of the bar, For las 
deteimmed the total heat loss fiom the 
surface between this section and the cool 
end of the bu — the two quantities aio 
obviously equal Foi this pui pose a sepaiato 
experiment was made on a similai bar which 
was umfoimly heated and loft to cool m the 
same surroundings as the hist bar Fiom 
the late of cooling of this bar and a knowledge 
of its heat capacity, the late of heat loss poi 
unit area could be determined for any tempoi a 
lure The data obtained woie used for com- 
puting the heat loss from the surface of the 
first bar, measured from the particular cross- 
section The tempeiature gi adieu t having 
been determined m the hist expeument, the 
conductivity was at once obtained 

Forbes used for the Just exponment, 
which has been called the “ static ” experi- 
ment since it dealt with the steady state of 
heat flow, a bai of wrought non 8 feet long 
and 1} inch squaie section The hot end of 
the bar was hxed into any non cmtiblo which 
was maintained at the tempeiatuie of melting 
lead or solder The experimental conditions 
weie varied by having the metal bright 
polished in one case and covered with white 
paper ax')] died with a little paste m anothei 
case The surface emrssivity m the latter 
condition was eight timos licit m the humor 

For the second or “ dynamic ” expeument 
m which the emissivity was determined for 
various temperatures, a bar of the samo 
material and cioss-scction w r as used, hut only 
20 inches in length 

Foibes obtained the conductivity of wi ought 
non for a number of tompeiatui es up it) 200° V 
Ho assumed, however, that the specific heat 
of non was constant, wdioieas it increases by 
some 10 |)er cent for eveiy 100° O use Foi 
this reason Foibes’ values two obsolete When 
corrected by Tart and Mitchell, they were 
bi ought moie into line with modem values 
but woio still unsatisfactory Appaiontly 
another source of enoi arises iiom the fad 
that the “ dynamic ” expeument does not 
give the liuo emissivity coolhaonls applicable 
to the e ‘ static ” exponment, owing to the 
temperatuie distribution inside the bar being 
different m two oases This would not, 
however, account for the huge discrepancies 
in the experiments, of which no satisfactory 
explanation has been given Thus Foibes, 
using two bars respectively l{-meli and I inch 
square section, obtained values clifienng by 
some 20 x>ei cent, while Mitchell repeating the 
experiments on one bar and cooling it m the 
centre obtained a value differing by 8 per cent 

In spite of the criticism that lias boon 
levelled at it, Forbes’ expeument is interesting 
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is bum? tlu bt 4 nfiunpt to determine the 
toiuliiLtivdy dJ l hr Ul m absolute measuit 
lbs uk thod bis been followed, with lmpiovo- 
ments by a numbci of expenmenteis, notably 
Mib lull, Skviait, Lees, Callendii, and 
Nicholson 1 The two last -mentioned made 
sevoial impoitant modifications m the method 
To avoid uncei tarn ties of suiface loss a laigo 
bai t inches m diamttei was used and the loss 
fiom the bai was induced to a quaiter by 
lagging Tin end of the bai, which was 
4 feLt long, was suuoundcd by a caiomneter 
and < ooled by a stieam of Avatei Tho rate of 
flow of the watei and the temperature use gave 
the quantity ol heat passing out at tho end of 
the bai The boat leakage through the lagging 
could he computed and was only a small fiat 
turn of that absoibed by tho calomnetei 
The uncertainties of Follies’ method aie much 
induced by the above-mentioned modifications 
The apparatus is lllustialed m Fig 14 

Gnflitlis 2 has also made use of a similai 

1 li 'ncvcl lint J 1th Ed ait ‘ Conduction of Heat ” 

2 Ailvisoiv Committee tm Aeronautics, Light Alloys 
Sub CommitUt Report , No 7, Novembei 1917 


method foi measuring tho conduttivity ol a 
senes ol aluminium alloys, intended foi 
aeio plane engines, up to a tempciatme of 
350° C In his anpaiatus the heat was 
supplied by a mcluome stup wound on one 
end of a bai, while on tho othei end a spiial 



pipo was wound which acted as a 11 ow calon- 
moloi The elect in al input into tho heating 
coil was found to equal tho amount of beat 
flowing out thiougli the calomnetei plus tho 
amount lost lateially tluough the lagging, 
so that the thennal balance sheet was checked 
Some of tho icsults obtained by Gnflitlis aio 
given m Table III 


Table III 

Metals and Alloa s 


Substance 

Tempt latino 
° 0 

K 

C U S Units 

i 

Autlionty 


Mclala 


Aluminium, 9 ( )% Al 

Antimony 

Bismuth 

Cadmium 

Copper 

Gold 

Iron (puio) 

„ (wi ought) 

„ (i aBl), 2 0 3% Si 1% Mn 



- 1(30 

514 

1 


18 

501 



18 

480 

\ 


100 

492 

J 


120 

48 


r 

0 

Odl 

1 

1 

100 

010 

/ 

1 

15 

012 


V 

( 

-180 

025 



18 

0191 



100 

0161 


V 

[ 

- 100 

289 



18 

222 

\ 

1 

100 

210 



-252 

1 8 



- 100 

3 079 


* 

18 

918 

\ 


100 

908 

i 


- 252 

\ 5 



18 

700 

) 


100 

703 


/ 

18 

1(31 


\ 

100 

351 

J 

( 

- -100 

152 


1 

18 

144 

\ 

[ 

100 

m 

1 

f 

54 

111 

\ 

l 

102 

111 

1 


Lu%* 3908 

J and I), | 3900 
Angell, 1913 

1 ' «*, mr ~~ 

Boigot, 1890 
Matelua, 1907 

<J and J>„ 1900 
Lees, 1908 
J and I), 3900 

MeiHHum, l<) 15 
Lies, 1908 

J and I) , 1900 
Mcisanci, J915 

,1 and I) , 1900 

lot% 1908 
J and 1) , 1900 

Callt ndar 


* Lees’ values at 18° U may be taken to ngioo with those of Joegoi and Diesselhorst, except wiien 
they aio given separately 

1* J and I) aiguilles Jaeger and Dicsselliorst 


-Ojilez 
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T a n le III — to nil n in d 


Substance 


Tempeiatuie 
° C 


K 

0 G S Units 


Metals — continued 


teel, 1% C 

ead 

lagnesium 
leicury 
Iiokel, 99% Ni 
» 97% Ni 

Palladium 

Hatmum 

Silver 

Tin 


Zinc 

Aluminium alloys 

1 5 Mg 2 Ni 8 Cu 88 5 A1 

1 Mn 8 Cu 91 A1 
lNi 8 Cu 91 A1 

2 Pc 8 Cu 90 A1 
Brass, 70 Cu 10 Zn 
Bi onze, 90 Cu 10 Sn 

Constantan, 00 Cu 40 Ni 

German silver oi platinoid, 62 Cu 
15 Ni 22 Zn 

Lipowitz alloy, 50 Bi 23 Pb 14 Sn 
11 Cd 

Mangamn, 84 Cu 4 Ni 12 Mn 
Wood s alloy 


n 

30 

149 

[ 

— 160 

113 

J 

18 

115 

i 

18 

108 

l 

100 

107 


— 252 

11 

J 

-160 

092 

| 

18 

083 

l 

100 

082 


0-100 

376 

r 

17 

0197 

f 

i 

30 

0201 

1 

15 

0201 


-160 

129 

1 

18 

142 

i 

100 

138 

/ 

18 

108 

l 

100 

182 

i 

-252 

83 

i 

18 

166 

l 

100 

173 


-160 

998 

1 

18 

974 

i 

18 

1006 

l 

100 

992 

( 

-ICO 

192 

\ 

18 

155 

l 

100 

145 

[ 

18 

35 


0 

383 

I 

2100 

273 

l 

2100 

342 

f 

-160 

278 

\ 

18 

265 

1 
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(h) 3 lei get — Beigot 1 nude use of a guaicl- 
nng method foi the puipose of determining 
the conductivity of a numbei of metals such 
as copper, non, biass* meicuiy The aimnge- 
ment of the apparatus used for the mercury 
dotetimnalion is shown m Fig 15 A cylin- 
drical folunin of moicury was contained m a 
glass tube AB, which was surrounded by an 
annulat column of mere my which acied as a 
guard ung The surface of the mercury 
columns was United by steam, and the base of 
the outoi column icsted m an lion plate C 
which was cooled by ice The tube carrying 
the contial column of mercury projected 
bhiough the non plate mto a Bunsen ice 
jalonmctoi as shown The tempeiatuio dis- 
tribution was detoi mined by means of four 
ion wues which projected into the cential 
jnlumn Each j)an of these wires, with the 
ntoivonmg mercury, formed a differential 
lon-moieuiy couple which gave the difference 
n tempeuature between the ends of the two 
ion wires The distribution of temper atui e 
tvas found to bo linear when the steady 
itate has been reached The ice calonmotei 

■ft i? nt 



gave tho (quantity of heat passing through 
the column, and thus the conductivity was 
obtained 

Bergct’s value for mercury of 0 0201 is m 
close agreement with recent determinations 
such as that of Nottloton Having obtained 
4 four tie Vim > 1888, vll 50,1 


tho value for moicui>, ho measuicd tho 
conductivity of otliei metals by comparison 
A column of mercury was superposed on a 
column of metal, each sui rounded byaguaid 
i mg, and fiom a companion of the tempeia- 
ture giaclienls the conductivity was deduced 

{() Lees —Lees 2 doteimmed tho conductivity 
of a number of puio metals and alloys ovei 
a lango of tempeiatuio 
fiom - 180° 0 to 30° 0 

His appaiatus is lllus- 
tiated m Fig 16 

It was a rod of metal 7 
or 8 cm long and about 
0 5 cm m diameter Tho 
lovrei end htted into a 
copper disc D, which 
formed the bottom of a 
coppei cylinder. T closed 
at tho top A, B, and 0 
weie three thm biass 
sleeves, titling closely to 
the rod with which good 
thermal contact was 
seemed by a him of olive 
oil Of those 4 and B 
earned platinum coils for 
tho measurement of tem- 
perature while 0 earned 
a heating coil of platinoid 
wire The coppei eylm 
doi T was placed on a wne frame zesting on tho 
bottom of the Dowai llaek V Around the 
outside of T was wound a platinoid who p of 
tho same resistance as tho heating coil (\ and 
whenever tho euiiont was switched off from 0 
it w r ns switched on to p, so that the rate oi 
heat supply to tho appaiatus as a whole 
was constant throughout tho expoument A 
fur then heating coil P wound on T enabled 
tho lompeiatmo of llio appaiatus to be raised 
rapidly if desired 

Tho experiments weie started at liquid air 
tempeiatuio The cun out was switched on 
to (j until a suitable differ once of r esistance 
(generally equivalent to about 5° C ) was 
obtained between A and B. Tho current was 
then switched on to p, and after live or ton 
minutes tho difference m resistance between 
the coils A and B was again measured, as well 
as the actual resistance of tho lower one A, 
The chfleionoc m tompoiaturo between A and 
B when tho heating ounont flowed round ( less 
the mean difference in temperature (be! ore 
and after) when tho current was flowing 
through p, gives the difference m tompoiaturo 
which would be produced if tho heating ounont 
were continued m 0 and iho surrounding tube 
T kept at a constant temperature, b e assuming 
tho rate of nso of tempera fmo of the apparatus 
was constant which was seemed, as explained 
above 

a hers, Phil Tram Jiaj/ 8qc , LOOS, twill U81 
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While the geneial theoiy of the expenments 
was simple, they aie lemaikable for the skill 
and caie with which Lees exploied the various 
souices of enoi Thus the sleeves weie of 
appreciable length and si7e, hut formulae were 
obtamed givmg the appioximate effect of the 
dimensions of the sleeves and of the small 
difteience in tempeiatuie between the loci and 
platinum lesistance coils on the sleeves 
Again coirections were woiked out toi the 
effect of the leads to the heating coil C and the 
platinum coils A and B, while the fact that 
the observations did not apply strictly to the 
steady state of temperature distribution was 
shown to be of small effec t 

Lees’ expenments ovei the range from 
- 170° to 30° C confirmed generally the con 
elusions of Jaeger and Diesselhotst — from then 
work between 0° and 100° C — that the puie 
metals show a slight decrease m conductivity 
with rise of temperature He did not, how- 
ever, find that the maximum conductivity 
always occurred at the lowest temperature 
The electncal conductivity of the metal 
rods was also measured by Lees, and his 
conclusions as to the relation between thermal 
and electncal conductivity will be referred to 
later (§ (10 i )) 

(m ) Elect) icol Methods — Several methods 
for measunng the conductivity of a bar of 
metal have been proposed m which heat is 
supplied by parsing an electric cuirent through 
the bar itself If the ends are kept at a con- 
stant temperature, theie wall be established 
throughout the bar a certain distribution of 
temperature, which will depend on the stiength 
of the electnc current, the electncal and 
thermal conductivity of the material, and the 
heat loss (if any) from the surface of the bar 
(ct) Kohlrausch Jaeger and Diesselhorst — 
Kohlrausch 1 took the case where all heat loss 
from the surface of the bar was prevented 
Calling 

K = thermal conductivity, 

\ = electncal conductivity, 

0 = temperature at any point, 
v— electncal potential at any point, 

he obtained the folio wmg solution of the 
differential equations for thermal and electncal 
equilibrium 

ff = ]^ 2 +Au + A / , 

where A and A ' are constants Hence, by 
determining the temperatures and potentials 
at three points, A and A ' can be eliminated, 
and we get 

A\- jjifa - 1 ^3) + ggfa ~ Pi) ± Agfa ~ « g) 

2K (% - uj) (u 2 - v„) (v 3 - vj 

Kohlrausch also showed that if the conduotoi 
is of any shape, and is thermally and electncally 

1 Preuss Alad ffhss Berlin , 1800, xxxvm 711 
Abh Phys Tech Reirh , 1900, m 2C9 


insulated except foi the two uioas ihnnudi 
which the cuiient is supplied and Uumigh 
which heat is abstracted, the same solution 
holds JJence, if holes aie dulled in a lui loi 
the puipose of inaeitmg thoimometeis, the 
method will still bo exact, provided tint tin 
tempeiatures and potentials aie measuied at 
the same points 

Jaeger and Dicssolhoist earned out Kohl* 
rausch’s method into piactuo They took 
cylindrical bais of metal, 25 cm long and 
genei ally about 2 cm 111 diumeloi, with thou 
ends fitted into eoppoi blocks, which woio 
sciewed into laige water-baths The bai was 
sunoundod by a cylmduial jaikct, kept at a 
constant tempeiatuie by water 01 steam uu u- 
latmg outside it, the space between the bin 
and the jacket lillod with wadding The to 
was, of emu so, a eeitam amount of heat loss 
tlnough the wadding, wln<h was estimated 
by vaiymg tffo tempeiatuie ot the pukot 
suiroundmg the bar Foi the discussion of 
this and other collections, icieieiuo must be 
mado to the 01 lgmal ] iapci The tompoi at 111 1 s 
weie measuied by iheimoemiples 

The deteimmation of the tempeiaiincH and 
potentials at thieo points gives the ratio of 
the thermal and electncal conductivities, and 
the lattoi constant being easily detei mined, 
the thermal conductivity was obtained 

Jaeger and Diesselhorst earned out a veiy 
extensive investigation on a mimbei oL puio 
metals and a few alloys for tompoi atm es 
between 18° and 100° L They found that 
puie metals, with one or two o\< options, 
showed a slight decrease of oondiu truly with 
mcioasmg tempoiaturo, and that they obeyed 
approximately Lorenz’s law'— that the ratio 
of the thermal and electrical oonduetivitieM 
divided by the ahsoluto tempo* at tiro is a 
constant Lorenz’s constant showed a slight 
positive temper atuio coefficient 
Their work icpiosonfa a most lmpoilimt 
contnlnition on the subject of conductivities, 
and their values have been amply confirmed 
by subsequent obsoivois 
The method of Jaeger and Diesselhoisl 
has been used by Moissnoi a foi measuring 
conductivities down to a tompoi atuio of 2() n 
abs Ilia woilc confirmed genei ally the values 
of Lees, but ho found that both the resistivity 
(1/K) and Loionz’s constant dem eased rapidly 
as the temperature of liquid hydiogon was 
appioached, showing a i eduction at 20 n abs 
of about 85 per cent on the value at 0 rt ( ( 

(b) Gallendar — Oallondai 8 has also dovised 
a method of determining the conductivity of a 
rod of metal which is heatocl by the passage 
of an electric cuirent, The ends of the tod 
are kept at constant temperature by lnHCition 
mto water-cooled copper blocks The rod is 

2 Deutsch Phys Qesell Verh . 1914, xvl 292. 
a Encycl lint lJLtli Jfitl ** OoxufucfcUm of Ural " 
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«ilso Hunoundul by a jacket at the same 
to in pot lime, which is taken as the zeio of 
u teienee If iv„ is the resistance pei unit 
length of the jod at the /oto temperature, a 
is its tompei atuio (udhtient, then the lesist- 
ance of a small clement of the lod at a distance 
i In mi the centie is 

\\ () {\ I a 0)(h 

Tho heat generated m tlud clement by the 
passage of a ciiiiuit C is 

('-[■{.<,(1 I a 0 )(h 

As there is n gradient of temper atuie fiom 
the tent io of tins lod to the ends, heat will 
pass through tho element <h by conduction, 
and tho excess of heat entenng the clement by 
t niulueliou ovei that leaving it will ho 


1C being; tho conductivity and A the aica of 
the* c r oss see lion of the hai When tho steady 
slate has been touched, this excess of heat 
will be balanced by tho heat loss due to 
ladiatum and convection from the surface 
of (he clement, less the heat generated in the 
element by tho passage of the eunont By 
Newtons law the fmmet quantity will be 
Ep/b/t, E being tho fuufacc ennssivity and p 
the' perimeter of a ness section of tho tod 
Equating those quantities wo get 1 

C ,a j: 0 (l I off) Epff — KAj”j 


'Plie eunont (' is ho adjusted tliat (' 2 R 0 a~Ep, 
t r that the loss of heat Xiom tho aux face of 
the lod is compensated at all [mints by the 
int reuse of resistance with use oi tonipci ature 
The equation then i educes to 


i o _ 


constant 


tm w _<w 
dx 2 IxA 
So that, 2 1 being tho length of tho rod. 


0 


2KA 




'Plus gives the tempeiatuie at all points of tho 
lod, and it tain be shown that the moan 
tempo uitu re is KA Hcmrc, if 

is the mean jesistaneo per unit length, wo get 


cm 0 i 2 a 

K 3A(H»-Ko) 

The (hstulmtion of tomponitiiio is always 
nearly paiabolie, if the dimensions of tho lod 
am mutably ehoHeri It is not tlieiofoic 
neccssiuy to net the current to tho value 
Ep/H 0 rt very act uintoty, as the collection foi 
c^tcinal loss is small m any case The chief 
source of tutor is in the measurement of the 


i The treat developed hy the Thomson effect a 
very sum 11 and Is eliminated by keeping tho two ends 
at the same tempomimo. 


small change of resistance accurately, and of 
avoiding stray thermo-electric effects 

Duncan, 2 using this method, found the 
conductivity of copper at 33° C to he 1 007, 
which is about 8 per cent higher than that 
obtained by J aeger and Dies^elhorst 
(c) Mendenhall and Angell — Another example 
of an electrical method is that suggested by 
Mendenhall, and described m a paper by 
Angell, 3 for measuring the conductivity of 
metals at high temperatures 

If a cylindrical rod is connected at its ends 
to two heavy electrodes and heated by a con- 
stant current, there will be a using tempei ature 
gradient fiom the ends towards the middle 
of the rod This longitudinal gradient will 
decrease as the middle is approached, and toi 
an appieoiable distance on each side of the 
centie will be negligible There will be no 
tendency, therefore, for the heat generated in 
tins portion of the rod to flow towards the ends 
The temperature gradients will be radial and 
the heat will flow radially and be dissipated 
at the suiface Consider now a length of rod 
l within the central zone Let i he the radius, 
E the fall of the potential per centimetre, I 
the current density (which is assumed uniform 
over the cross section), 0 2 and Q x the tempera- 
tures at the axis and circumference respectively 
Then, since the heat generated within any 
cylindrical surface of radius r passes radially 
to the surface, we have 

« 2 IEZ=-2«ZK^ 


Integrating we get 
K = 


EL, 2 

4(0* ~0x) 


The above foimula depends on the assumption 
that the current density is uniform over the 
ci oss -section This is not strictly the case, 
since Iheie is a temperature gradient from the 
axis to the circumference winch gives rise 
to a variation of resistivity Angell shows, 
howevci , that foi metal rods of less than 2 
cm in diameter the effect of the variation 
is negbgibl the actual experiments a 

hollow cyln used, and the formula m 

this case li 


El 




of* 


^->. 2 log r/ 


fj] 

r<> 


By measunng the dimensions of the cylinder, 
the values of E and I, and the temperatures 
of the inner and outer surfaces, the value of 
K was obtained 

The apparatus used is illustrated m Fig 17 
The metallic rod was 1 2 cm m chametei and 
about 15 cm long An inner hole was bored 
through the rod 0 17 cm in diametei, and 
this was enlarged, as shown m the figure, 
except foi the central length of 3 cm The 

a McGill Coll Report , 1809 
8 Phi/s Rev , 1911, xxxni 421 
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lesistance on each side of the cential portion 0 125 at 300° C to 0 07 at the critical tempera 
being thus inci eased, the heat geneiated tuie ol 700° 0 Between 700° uid 1200° ihe 
towards the ends was greater and the portion conductivity deu cases slowly to a \alut 0 0(> 
of the rod with no longitudinal gradient was The method is an interesting attempt to 
mci eased Thus at 1000° C the variation m measure conductivity at high temperatures 
tempeiatute over 1 cm length in the centie Its success depends ontiioly on the accuiuv 
was less than 0 1 per cent with which the small gradient of temperature 

The temperature inside the rod was measured between the axis and surface ol the rod can 
by a fine platinum, platinum ihodium couple be me isuied This must he considered as a 
with a junction at the centie The measure- drawback, having icgar cl to the experimental 
ment of the surface temperature presented difficulties m measuring the surface tempera 
great difficulties A fine thermo -junction was true Further, it is not clou that the longi- 
tudinal m ad lent m the cent lal 
portion ol the rod, though 
very small, was negligible 
compared with the radial 
gradient 

(d) Wo) thing, Lunqnnm — 
Somewhat lcsemblmg the 
two me! hods descubed mi 
mediately above u tint clue 
to Worthing 1 foi deter mm 
mg the < onduotmty ol lamp 
liHments to a iompeiature 
of 2100° V 

11 w is the rate of heat 
production, and 111 the late 
of radiation per unit uoa, at 
any point on the filament, 
Fig 17 tho maximum values being 



rolled out to a thickness of 01 mm , and the 
wires were attached to two springs 8 as shown 
By rotating m opposite directions the ungs 
to which the springs were attached, the con 
nectmg wires assumed a diagonal position 
relative to the rod, and brought the junction 
in contact wuth the surface, which was highly 
polished In order to get a umf or mly x adiatmg 
surface at the junction, a small piece of the 
lod material was rolled to a thickness of 0 01 
mm , placed over the junction, and hold m 
position by a weighted quartz, hbie The 
lod and connections were surrounded by a 
w iter-cooled enclosure, which could be ex- 
hausted 

For energy supply a weldi^ transformer 
w r as used, capable of furnishing 1700 amps 
alternating at a voltage of 21 Tho energy 
was determined by measuring the cuirent and 
making a separate experiment to doteimme 
the resistance of the cential centnnetro ol the 
rod For this purpose the lod was turned 
down to a small diametci and the volt drop 
measured on the central centimetre for a 
know n current The resistance of the original 
lod at vanous temperatures could thus be 
calculated 

Angell used the above apparatus to deter- 
mine the conductivity of aluminium and nickel 
He found that the former increased m con- 
ductivity from 0 49 at 100° 0 to 1 0 at 600° C , 
while nickel decreased in conductivity fiom 


w m and E w at tho middle 
of tho filament, and if l is tho distance 
measured along the filament, the total length 
of which is 2L, then he denvos lire expression 


_2E m _ 




Tho full details <>fc tho experiments cannot be 
given heic, but they resolved themselves into 
determining E as a function of T and of I , 
and w as a function of / Wot thing found, 
for example, that E~~ rrT^, whore /■> 5 35 

TIis conclusion as to tho conductivity of 
Lungstcn was that it varied from 23*1 00 8 
units at 1200° to 312 at 21()(V’0. Tantalum 
showed a change from 174 at 1400° 0 to 
0 198 at 1800° 0 , while carbon gave values 
of 0201 and 0210 at tho two temperatures 
just named 

I angmmt * also considered tho question 
of conductivity of tungsten at high tempera 
tures Tlis value for /f was 4 90, and he slates 
that the resistance can ho expressed as 


R ~<TP, 


whore p — l 242 On tho basis of these experi- 
mental facts, ho deduces from Worthing’s 
data that tho conductivity ol tungsten is 
nearly independent ol tomperaturo and has 
a value of 273 at 2100° 0 , as against 342 


1 rh}/8 Rw, J 014, iv 635 
2 Jhal , 1 9 Hi, vri 151 
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found by Woi thing Ttc also contends that 
tht value of Lmcn/s constant is of the order 
that would be expected fioin Jaeger and 
Dresscl hoist’s value at 18° C , and the 
tempi i at ui e codhutnt which they found 
between 18° C and 100 C This wab con- 
fciaiy to the very Urge change in the constant 
wine h Wen thing found ovei the tango 1200° 0 - 
2200° C 

(iv ) Indued Methods — In the case of metals 
it is often convenient to determine the 
conductivity by comparison with some other 
metal whose conductivity is known 

(r/) If ndemttnn and Ftun * — As an example, 
the method of Wiedemann and Fianz 1 may be 
cpiotcd Those' expeumentets took a bai of 
metal, one end ot which was maintained at a 
const ant tempciatuie, and which was sub- 
mitted along its length to the effect of cooling 
by ladiation and t onvection inside a constant 
tempciatuie enclosure When the steady liow 
oi he.it had been established, the tempeiatuies 
at tlueo points at espial distances apait weio 
measiLied 

The tempor ituio distiibution along a bai 
undci the conditiona indicated is given by 
(cf equation m 4} (5) (m ) ( b )) 

KA^ = Ep0 

If now tho tempera lines 0 Lt 0>, and 0 , are 
moasuied at tluee equally spaced points at a 
distance a apai t, it cun be shown that 

« \/ (n I- Jn 2 -!), 

where n ~ 

So that if wo take two bais of differ ent 
mateuals, but with the same cioHS-section A, 
tlie same penmetei />, and the same coefficient 
of heat loss E, and detenmno the temperatures 
m each case at tlueo equally spaced points at 
the same distant es apait, wo get the ialio 
ot conductivities from the following equation 

! K log (n' f Jn'* ~1) 

^ ^ log (« I n/^— 1) 

The rods used by Wiedunaim and Franz woio 
half a metio long and 6 mm in diametoi, 
and in ordm to seeme the same sin lace 
cimssivity ioi all the iods, they weio electro- 
plated One end of the xod was heated by 
steam and the lemamdei was sunountied by 
a water-cooled enclosure wlueh could be 
exhausted if mpmed r Tho tempeiatuies at 
throe equidistant points weio mcasiued by 
means of a sin ling thermocouple 
Wiedemann ami Fran/ diew up a table of 
relative condut tivition el a numbei oi metals 
The experiments lepiesonted a considerable 

1 Ann do Chime, 1854, xli 107 


advance at the tune they wcie earned out 
(nearly seventy years ago), but some of then 
results must now he regarded as obsolete, 
the probable cause being the presence of 
impurities m then specimens 

Thoie is also the point, to which Peclet 
diew attention as long ago as 1860, that the 
assumption ot Newton’b law ot cooling, 
which only holds approximately for small 
differences of temperature, must introduce 
considerable cnoi 

(b) Voigt — Another method of compaung 
the condiu tivities ot two metals is that duo 
to Voigt 1 lie took thin plateb of tire two 
mateuals cut in the ioi in of light angled 
triangles, and placed them m contact 
along then hypotenuses The lengths of 
the sides a and b (Fig 18) are chosen so as 
to he appioximatoiy m piopm- ^ 

Lion oi the conductivities ol the rr 

plates 31 eat is then applied by \ 
means of a copper bar at 70° to \ 

90° 0 along the short side b of ct -"TV a 
tlie good conductor, oi the long ' 
side a of tho bad eonductoi The , j \ 
wdrolo smiace of the composite 
plate was coated with a layei of -jg 

elardic acid to which wax and 
turpentine aie added The aeul melts at 46° 0 
and solid] lies in crystals yielding a well-defined 
isothermal curve The ratio of tho conduc- 
tivities is derived fiom measurements of tho 
angles which tho isothermal makes with the 
common hypolenuse, being in the proportion 
of the tangents of the angles The limit of 
accuracy oi which the method is capable is 
about 2 per cent 

Riet/seh 1 used this motliod fox measuring 
tho conductivity oi copper containing varying 
amounts oi phosphorus and arsenic It has 
also been used for glasses 0 

(v ) Penodu Flow Methods (rr) AngsUom — 
The method* 1 is of interest m that rt (liJUus 
in pimciplo from those previously described 
which have all been concerned with tiro 
steady state of heat flow In this case tho 
conductivity was deduced from ohseivation of 
the ponodre flow oi heat m a long bar 

If we (onsidet any tlnn cross section oE a 
iod the tompeiaiuio ol which is changing, tho 
diflorcneo between the heat flowing into and 
out ol this section must he equal to the heat 
lost from tho surUeo ol the section plus tho 
heat required to raise tho temper atmo of tho 
set lion itself So that wo have (ef § (5) 
(m )(b) 

~ k d*0 T , n , Kf fiO 

KA dx^r° +At cit 

If the rod is surrounded by a guard-ring 
which prevents heat loss lrom the suitace, 

a Annul Plain Chem , 1808, Klv 95 
a Ann der Phyx , 1900 iv (3) 403 
1 Phil Mag, 1803, xxv 130 
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the fust tcim on the ught -hand Hide vanishes 
and the equation becomes 

wheiP h 2 is the ddfusivity 01 the conductivity 
K divided by the heat capacity p r i unit 
volume 0 

Now, supposing that a simple harmonic 
oscillation of temper atuio is impressed on 
one end of the bar, it can be shown iiom the 
above equation that 



where T is the penochc time and X the 
wavelength of the tempciatuio oscillations 
It follows also that the amplitude oE the 
temper aturo oscillations at any point at a 
distance x from the soiuuo is piopoiUonal 
to e” 2,r3 ^ The amplitudes thus dceiease 
as we recede ftom the hot end and likewise 
the mean tempei atuie Tim temper a 
-v tuie distubution at any instant is of 

\ the form shown m Fhj 19, in which 

\ the clotted line lepie 

\ r\ sents the mean torn 

1 / 1 peiatuies 

v N \ / I It is obvious if wo 



Fig 19 


plete tempei atui o distubution the wave-length 
X can be moasuied, and thus the dillusivity 
From the lattei ilie conductivity may bo 
obtained, iE the heat capacity poi unit volume 
is known 

It is, howevei, sometimes convenient to 
deduce the conductivity fimn tempei atu r e — 
time observations at two points The general 
solution of eithei of the equations above lor 
a simple haimomc oscillation is of the form 

0"A sin i ^ 

The values ot A and o can be determined 
experimentally for the two points, and at can 
be shown that if l is then distance apait 

7.J- it . 

T(3-8')1o R A/A' 

If the temperature oscillations are penochc but 
aie not simple harmonic vibrations, they can 
be resolved into a number ol terms of the form 

6—A 0 + A x sm (oil H § x ) ! A a sm(2 ul | <5>) 

+ A a sm (3w i \ 

whore co — ir/T 


Again, taking two points, each pur of the 
terms ot the above expression leads to on 
independent value <4 //“, 

j „ mrl* 

T(<b» ~ () » ) Jog l \n/A n ' 

In piictue these Heues m ly lie limited to 
the in sti three oi tour terms as the coeliicunts 
A t , Aj, etc , rapidly dimmish 
In Angstiom’s oxpeumonU a Hinall sec tion 
ot a bai was enclosed and w is submdltd 
alternately to heating and cooling by steam 
and cold watei lespeetiulv The periods ot 
heating and tooling worn 12 mumte-i Ii, 
and when they had been continued loi minr 
turn, the Icmpcialurcs at cmc h point ol the Ini 
became steadily pci iodic Mon my tlicmui 
meteis weie let into tin* bai at. mteivals ot 
5 cm foi tunpeiatuic loadings 

Angst mm used lor bis lust, ospcuiucut i 
ba?H 57 tin long and ol 2 I cm scjuiuo 
section, while for some Hubsoqut nt t‘\]ieinm*nt i 
be used a bai 118 mu long and 3 5 cm, 
thick His values lor the conductivity <d 
enppoi and iron at 50° V were 



Past 

9e< end 


Kxpeumouls 

[4\poi lineals 

(bppoi 

910 

082 (1 0 00152^) 

Lion 

m 

199 (1 0 (1051 W) 


The vahms obtained m I he set mul expen 
mends aio much higher than {host* now 
aceepted r riio negative sum ol (lie cneihi unit 
is coulmuod by Urn wmk ol duegei ami 
Dieshelhoist and ot Dees though the mni/iu 
tildes uic dilteitnd. 

(lallondar 1 has applied Angst, mm’s method 
to the apparatus illuslinicd m Fuj II lit* 
varied the ptessmo ol the steam m tb<‘ In alt i 
so as to produce approximately simple' h u 
memo oscillations, using periods ol 50,90 and 
120 mmulos Cnllciidnr found a value' fot 
east u cm at 5-0' (1 ol (Mill (I 0 (KKKHbO, 
which ih m ohne agt cement with modem 
values obt uned by ot li<*f methods 
Them is no doubt that Angsliom’s me (hod 
gives satistactoiv lesuils ti due picnaut tniio 
arc taken H involves, however, the* Ink im* 
ol huge numbers oi observations anti Uu u 
analysis may be \ety laborious, 

(b) Kimf A method lesembhug that <d 
Angstrom is duo to King" His apparatus r, 
shown duigr am mat it ally in Fnj 20 A iu u 
wne -whoso eonduclmly is to bo delummtd 
and which is 2 5 nun m diameter and about 
10 cm long One end of the wne pinject 
into a boating coil II through which Hows n 
periodic c uric sit billowing a sme law A I 

J final Uni , llth edition, “Oomlactlcm oMlc»al. ,# 

Phm Jtor , PI 15, vl 457 
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two points of the wire are attached the 
tlicimof ouplts T, T, each connected to a slioit 
period galvanometer In each thermocouple 
cut mb is a countei EMF which can be 
adjusted to balance the thermocouple EMF 
at its mean value The lag between 
the movements of the two galvano- 



meters gives the velocity of propagation of the 
waves If experiments are made with the 
waves of two periods t x and t z and the velo 
cities aro found to he ?’ x and v 2 , then it can 
be shown that the ddlusivity h~ is given by 

/ (I’lifvT 
It / V 

King carried out experiments with waves 
of periods of 2 minutes and 5 minutes 
respectively, and he found values foi the 
conductivity ol^ copper and tin which are m 
close agi cement with those of Jaeger and 
Diosselhoiflt 

§ {(>) Solids Crystalline and Allo 
tropic — -In considering the vanous classes of 
solids winch have been icfeired to above, it ha* 
been assumed that they liave been symmetiu al 
as icgai ds the conductivity ol heat Some 
substances, howevoi, owing to pecuhanties of 
structure, give different values of conductmty 
m clillerent duections Thus Tyndall 1 found 
that, in the case of wood, the conductivity 
was highest along the blue and lowest m the 
direction pei pendieular to the blue and the 
ligneous layeis As giving some idea of the 
magnitude of tho difference some of his values 
are quoted m the following table The figures 
aio only comparative 


Nanio 
ol Wood 

bird 1«4 
to 

Fibio 

1 *oi pond ic ill ir 
to Film 
ind Parallil 
to Ligneous 
L<ij us 

Poipemheulai 
to Fibre and 
Ligneous 
Lij ms 

Oak 

34 

11 0 

0 5 

Beech 

31 

10 8 

88 

Boxwood 

31 

12 0 

<) <> 

Asli 

27 

11 5 

<) 5 

Apple tree 

20 

12 5 

10 0 

Scotch hi 

22 

12 0 

10 0 

i 


Sunil ally m the easo of laminated locks, 
such as slates and schists, Jannottaz 2 has 
shown that the conductivity is highest parallel 
to tho cleavage 

Whoie such substances tan he obtained m 

1 Phil Mag till scries, v and vi 
3 Journ do Phys v 150 


sufficient bulk then conductivities can ho 
cletoi mined by one of the methods aheady 
described hi the ease of small objects, 
however, such as crystals, which often show- 
a marked asymmetry of heat flow, clifler ent 
metlrods have to be adopted 

(l ) De tienannoiit — Tho Inst to make a 
comprehensive study of crystalline ccmdiUtion 
was do Sonar mont * Ihs method consisted m 
coating a thin plate cut fiom a eiystal with 
a film ol white wax and applying luat at a 
point, neat the centre As the plate becomes 
waim the wax molted lound the point and the 
inequalities m conduction in chtlcicnt dnci 
tions weie indicated by the shape of tho 
bounding lino of melted wax The cuive in 
the case of an isotiopic substance, sue li as 
glass oi ciystals of the cubic system, was 
always ateulai In the lhombohedial system, 
with one axis of symmetry, the plates cut 
])ei penduulai to tlic axis gave circles while 
any section parallel to tho axis gave an 
ellipse This is illustrated m Fuj 21, which 
gives the our ves 
fox a qutiilz 
crystal cut por- 
pendieulai and 
parallel to tho Pig 21 

mam axis Here 

the isothermal surface clue to a point soiuco 
in tho ciysLal would ho an ellipsoid of re- 
volution about tho mam axis Tho lulo was 
found to ho goneial that the thermic and 
eryslallogi apluo axes coincided 

In do Homnmont’s cxpenmuits the heat 
was supplied by a wire oi tube titling a hole 
bored in tho plate ol crystal, or the sun’s ravs 
>vei e concent luted on a point by means ol a 
lens The values obtained wore comparative, 
a circle indicating that tho conductivity wan 
tho same m all directions, while Jor an ellipse 
it could bo shown Unit conductivities along 
the axes were proportional to the square of 
then lengths 

(n ) Loch ~ A method of detci mining the 
absolute value's ol thermal conductivities of 
ciystals was suggested by Lodge 1 and earned 
out by Lees 5 A thin slue ol the crystal was 
placed in contact with the ends ol two lairs )f 
metal with their lengths in tho same stiaight 
line, thus loimnrg a composite bar lb ass w f as 
chosen because it readily amalgamates with 
mercury, and the amalgamated surfaces wore 
lound to give extremely good thermal contact 
with tho crystal Tho bat was packed m 
sawdust, and one end was heated by steam 
and the other immersed m cold water Tho 
temperature distribution was obtained by a 
series of thermocouples attached to the bar, 
and liom tins the temperatures of tho two 

3 Ann do Chwi ei do Plnn , 1817” 48, x’ 1 i -\xm 

4 Phil Mag , 3878, v 110 

6 Phil Trans , 1892, clxxxili 181 
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faces of the crystal plate could be deduced 
aftei making a small correction for the layer 
of mercury a* determined m a separate 
experiment The amount of heat passing 
along the bar and thiough the ciystal was 
calculated from a knowledge of the absolute 
conductivity of the brass, which was obtained 
by am improved Forbes method 

Lees found that for quaitz the conductivity 
parallel to the optic axis was 0 0299 and 
peipendicular to the axis 0 0158 
§ (7) Liquids (K -=0 0003 to 0 0015) —The 
problem of determining the conductivity of 
a liquid is complicated by the ea^e with 
which connection currents are set up m any 
mass of fluid with a temperature giadient 
through it Thus if the hquid at any point 
is at a higher tempeiature than the surrounding 
liquid, it will have a lower density, owing to 
its expansion with temperature, and will, it 
below the surface, tend to rise Should the 
temperature difference be maintained at the 
particular point, a contmuous current will be 
established The laws governing such convec 
tion currents are very complicated, and the 
heat conveyed by them is often large as 
compared with the amount passing through 
the hquid by pure conduction or diffusion 
In attempting, therefore, to determme the 
conductivity of the liquid the plan is commonly 
adopted of eliminating convection This may 
be accomplished by taking a column of 
hquid, supplying heat at a horizontal surface 
at the top of the hquid, and abstracting heat 
at a horizontal surface at the bottom of the 
liquid , or by taking a film of liquid so thm 
that, independent of its orientation, the 
transfer of heat by convection is negligible 
An alternative method is to regulate the 
heat loss by convection so that it takes place 
under well-defined and measurable conditions 
Thus, when a liquid is made to flow with 
streamline motion thiough a heated tube, 
a relation can be established between the heat 
earned off by this forced convection, and the 
temperature gracbents and conductivity m 
the liquid Examples of methods applying 
these principles are described below 

(l ) Column Method (a) Berget — The ap- 
paiatus used by Berget for determmmg the 
conductivity of a column of mercury sur- 
rounded by a guard ring has already been 
described m § (5) (n ) (b) It will be noted 
that the heat is here supplied at the top of 
the hquid, and flows down through the liquid 
to the bottom, which is cooled 
(b) R Weber 1 lias used a similar method, 
supplying the heat to the top of a column of 
liquid from a vessel kept at a certam tempera- 
ture by oil electrically heated, while the 
bottom of the column was cooled by a hori- 
zontal copper plate standing m ice The 
1 Ann der JPhys , 1903, xi 1017 


tempeiatuie difference was taken at two point ■», 
1 cm apart, by means of toppoi constant an 
couples His values aie nu huh (1 m Table IV 

(c) Ch ee a experimented with liquids hotted 
on the suiface, and deles mined the ditlumvity 
by observations of the vanablo stall lie 
took a cylindrical container 10 cm m duuncfoi 
into which liquid was point'd to a depth of 
5 2 cm A flat bottomed clmli, 15 cm m 
diameter, xested on the mu face of the liquid, 
while a fine platinum wue 0 0 cm long was 
adjusted m a horizontal position 2 (> cm 
below the suiface This who, to which ueio 
attached coppei leads, seivcd as a n Hint am o 
theimomotoi Hot wafcei was pound into 
the dish, and tlic late at wine li the bent passed 
thiough the dish into I ho liquid below could 
bo obtained fiom obsoi vat ions ol the tall m 
tcmpeiatuio of the watoi m the dish alien 
making a ooirection, obtained bv an mde 
pendent experiment, of the lioat lost ftom 
the suiface ol the ■watoi The tom point uie 
of the water was initially about 75 n (' , and 
immediately aftei it bad been poured into the 
dish, a tempeiature hho was indicated by the 
platinum thermometei, which thou temuiucd 
stationaxy foi seveiai minuses At ten tins 
period the theimomotoi began to use uipnlly, 
and continued to use at a decreasing mice 
towards its maximum, which was not touched 
for several hours Chico took tunpeiatme 
time observations, and obtained the point 
at which the temper atm o use wan at a 
maximum rate, generally about ten minutes 
after the start 

Theory shows that ri it were possible 
suddenly to apply a quantity of heat to the 
surface of the liquid, the time oi maximum 
rise would bo given by 

i=0 09l7 , ’f, 


x being the distance of the point below the 
suiface, and p, <, and Tv being the density, 
spoelho heat, and conductivity ol the liquid 
The conditions ol the actual experiments wen 
different in that the heal was applied al. a 
decreasing rate Cor an appieuablo turns and 
Chree givcH the mathematical expressions 
applicable to this case It is interest mg to 
note that m some experiments the water 
was allowed to remain m the dish lot the 
duration of the experiment, while 4 m otheis 
it was syphoned oil shortly after pom mg infer 
the dish The results obtained give a vet y 
fair agieoment, and confirm tiro con eel ness 
of Chreo’s formula 

The value for the conductivity of watoi is 
supported by the more iccsent determinations 
by other methods 

(n ) Film Method — (a) Bees 3 measured tire 


- j rroc itou isoo , L8H8, xllil. 30 
3 Phil Trans Roy Hoc, 1808, exei *118 
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conductivity ol thin films of liquid about 1 2 
mm in thickness His apparatus was a modi 
fication ot tint already described for deter 
mining the conductivity of pooi conductois 
To the suns of discs used m his formei ex 
pcumentSj which weie 1 cm m diameter, was 
attached an ebonite mig E and another copper 
due L both 7 cm m cliametei (see Fig 22) 
The internal cliametei of the ebonite img was 
3 7 cm oi slightly smalloi than that of the 
bupot imposed discs The ebonite served as 
a ccmtamei foi the liquid which filled the 
spaces between the coppoi discs M and L 
The disc (I was oi "lass 0 28 cm thick, and its 
conductivity was cletei mined as previously 
desenbed Knowing then the tempeiatuie 
difference between U and M and the conduo 
iivity of 0, the heat entering M was known 


Subtracting from this amount the heat toss 
from the exposed surface of M, wo get the 



total of the heat passing through the liquid 
and tin ough the ebonite The flow m the 
latter was not lectiiincai, and an independent 


Table IV 


Substance 


Water 


Ammonia solution, 2G per cent 
Copper Bill] >hatc (a g 1 ](>()) 
Potassium chiondo (b g 1 020) 
ftodium chloride (s g 1 178) 
iSulplnuio acid (a g l 054) 

Zinc sulphate (s g I 131) 


Mothyl alcohol ((Jll 4 0) 

Ethyl alcohol (UoH g O) 

Amyl alcohol (0 B II ia 0) 
Eormic acid (011 2 0 2 *j 

Aoctio acid (0 2 IT 4 0 a ) 

Butyric acid ((yi 8 0o) 
Chloroform (GLIClj) " 
Benzene (C 0 [I 0 ) 

Toluene (C 7 1I 8 ) 

Turpentmo oil (O 10 K 1Q ) 
Olivo oil (s g 0 911) 

Carbon bisulphide (CVS 2 ) 

Glyoonn (s g ] 235) 
h’aiaffm. oil (s g 870) 
Petroleum oil (s g 789) 


Liquids 


Tempeiatuie 

TC\ JO 1 

°t! 

C a S Units 


Authoi ity 


Water and Aqueous Solutions 


0 

12 0 


24 

14 3 

1 11 E Wchei, 3880 

18 

12 4 

Cluoe, 1888 

4 

12 9 

Waohsnmth, 1803 

II 

14 7 

) 

25 

13 0 

1 Lccs, 1898 

15 34 

13 14 

R Wol >oi, 1003 

0 

15 0 

Golclwlnmdl, 1931 

18 

10 9 

Lees, 1898 

4 

13 8 

II E Wc her 1880 

13 

U G 

Graot/, 1885 

4 

11 5 

U E Wc be t, 1880 

20 

12 0 

Clnoe, 1888 

4 

11 8 

o 

cc 

00 

"3 

£ 

Organic Liquid v 


11 

1 52 

) 

47 

4 45 


n 

40 

j Lees, 1808 

51 

3 09 

1 

0 

4 45 

Goldschmidt, 1911 

0 

3 45 


9 15 

0 48 

II E Wober, 3880 

9 15 

4 72 


25 

4 3 

Loos, 1898 

9 15 

3 00 

) 

0 

3 02 

H E Wehw, 1880 

5 

3 33 

j 

9 15 

3 07 

H E Weber, 3880 

14 5 

3 42 

Goldschmidt, 193 3 

13 

3 25 

Graet/, 3 885 

GO 

3 92 

H E Weber, 1886 

15 

5 37 

CJlireo, 1888 

10- 18 

2 00 

Winkelmann, 1874 

0 

3 88 

Goldschmidt, 1911 

15 34 

0 50 


15 34 

3 40 

} R Wohor, 1903 

16 34 

3 82 

J 
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experiment ^ as mac ^ e 1° determine it having 
an instead of liquid between M and L The 
heat flowing through the liquid was then 
obtained, and this with the difference m 
tempeiature between M and L gave the 
conductivity of the liquid 

The fllin of liquid was horizontal m the 
experiments, and the heating was from the 
top surface so that convection w as eliminated 
It is interesting to note that when the 
apparatus was tilted through 15° the appaient 
conductivity only increased 1 per cent 

Lees detei mined the conductivity of water, 
glycerine, ethyl alcohol, and methyl alcohol, 
and his values are m close agreement with 
those of Webei 

Lees also investigated the conductivity of 
mixtures of water with vaiying amounts of 
glycenne, methyl alcohol, ethj-1 alcohol, acetic 
acid, sugai, and attempted to connect the 
conductivity of the mixture with that of the 
constituents Plotting percentage composition 
by weight against conductivity he found that 
no general law could be deduced If, however, 
percentages of volume were taken, smulai 
cui ves weie obtained w hich gave a conductivity 
somewhat less than that given by a lineal 
formula T7 . 

N = V ! + Vo 


The value w r as also greater than that calculated 
assuming a linear formula of icsistivity (i e 
reciprocal of conductivity) The latter for- 
mula is, however, closer to the experimental 
results than that based on a linear law of 
conductivity Lees then obtained a closer 
approximation for the resistivity foimula 
based on the probable distribution of the 
molecules of the two substances From the 
agreement with experiment he deduces that 
the thermal conductivity of a substance is 
not greatly modified when it enters as one 
constituent into a physical mixture, and that 
the conductivity of the mixture depends 
directly on the amounts and conductivities 
of its constituents He also experimented 
with mixtures of lard with varying amounts 
of finely divided iron, maible, zinc sulphate, 
and sugai, and found that the same 
conclusions held 

Lees made further use of the apparatus 
desenbed above to investigate any change of 
conductivity on melting He found that m 
the cases of the substances naphthylamme, 
paratoluidene, and sodium hydiogen phosphate 
(Na i HP0 1 + I2H iJ 0) there was no discontin- 
uity at the melting-point, and that the con- 
ductivity deci eased with rise of temperature 
both m the solid and liquid state A decrease 
of 20 per cent m conductivity was found in the 
case of calcium chloride (CaCL + 6H 2 0) at the 
melting point, but owing to ’its affinity for 
water the results were not so reliable as for 


the othei substances It is interesting to 
note that Bams 1 found a deueise <4 15 pei 
cent m the ease of thymol at the melting point 
(12 5° C ) 

( b ) Goldschmidt 2 adapted tho “hot w no” 
method as used foi gases (see (8) (n ) Inflow) 
The liquid was contained m a tube only 2 mm 
m diametei, and it is stated that con ves lion 
was eliminated 

(m ) Flow Methods — Tho Inst obsuvei to 
use a flow method foi me asm mg the* < undue 
tivity of a liquid appeals to have been Uiaifl/,* 
but his method is not descnbtd licit?, as those 
of Callcndai and of Net tie ton seem to bo pic 
feu able 

(«) O(dhudit) 4 — Tonsidei a long nudai tube 
heated cfleitneally and with a continuous 
stieam of liquid pissing thiough if Let K 
be the conductivity of t lie liquid, < tlio spec die 
heat pci unit volume, u tho velocity, and 0 
the temperature at a distance ; from tho axis 
of tho tube, and let i bo tho distance measured 
along the tube Then, assuming that tho 
flow of the liquid is Imoai and neglecting 
the minute cflfect of longitudinal conduction, 
it is obvious that the boat c uued oil by the 
liquid flowing tluough any thin ring m a oiohb*> 
section of tho tube will be equal to tho dittoi- 
encc between tho heat passing into and out of 
the ung by conduction This gives tho equal ion 



The solution ot this equation will be much 
simplified if wo can assume that tho longi- 
tudinal giaclient dOjdi is constant over. the 
cioss-sectiou of the tube at any point and is 
equal to 6' /l, whom O' is the rise of tempoiatuio 
obseived in a length l This will not be lino 
neai the inflow end ot tho tubo, whole the uidial 
distribution of tempeiature is rapidly changing, 
but it will very fanly lopiosent tho limiting 
state, which is attained when tho liquid has 
flowed along the tube for some distance' 
Further, the quantity v m the equation above 
is a function ol i and ot tho viscosity which 
can be taken as constant foi tho small tempeia- 
ture changes mot with m the ox pei intent 
The velocity at any point is ill on given by 


«=2v(i-r s a ) ^3SL-^Y\, 

\ »o7 "V 


where V is the mean velocity, Q tho /low m 
c c per second, and r Q tho internal ladius of 
the tube 

Substituting and integrating from tho tom 
poiature 0 o of tho surface of the tubo, we find 




Q0' f r* r l 


2ttZKU? 0 * 


/ 


tfi/Z Jam (3), 3802, xliv 1 

Phj/i Zntsch ,30X1, xii 417 

IV wd Ann , 1883, xvni 70 

Phil Trans t Roy Soc„ 1902, exeix 13.0 
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Tin U mpotutuie <) x it the ms ot the tube 
u hi‘t< / a is <41 v< 11 by 


(L 


-0 

1 S7T?K 

Tho iru.Mii temper lime 0 m of the flow, allowing 
iui \aiiatujn «J velocity over the cross section, 


!H given by 


^ 0 ~ " z ~ 


1 1 QO' 
4Htt/K 


Em tlio purposes of his experiment, Calendar 
took 1 platinum tube through which a cunont 
was passed By measimng the icsistauco of 
t onset ul 1 vo sections oi the tube, ho \va c xblo 
to obtain tlio value ot the unuhont O'/l, as 
well an the value ot ti Q at any action 0 n 
apjx ,u h to have be< 11 measured at the end of 
the' platinum tube, and the value of 0 m , 01 tlio 
mean tompeuitute ot the emss section of flow 
at that point, was obtained by ensuring good 
mixing ol the licpud as it left the platinum 
tube, its temper atuu being taken by means 
ol ,1 platinum theimometoi These quantities, 
together with the* measui enient of the late of 
flow, gave the conductivity 

Tlu* device used by Callcndai for obtaining 
a constant use of tempoiatuio along the 
platinum tube* is nolewoitliy Thus, if R„ 
is tile lesistanic* pei cun of the platinum tube 
at the initial temperature, a its temper atm e 
eoeiheient ot resistance, and if E is the cmis- 
Hivity of the* tube*, p its ponmetoi, A its cioss- 
set lion, and Q is the lato of flow ol liquid, 
tben wo have 

do 

C-H 0 (t I afl) = QAg^ + Epfl 


If now is made equal to Ep, the 

gradient dOjdx will be constant By choosing 
suitable dimensions lot the diamotei and wall 
thickness of the* platinum tube it is possible 
to secure the above condition 

( h Hernial does not, give the full experimental 
details, but the method seems veiy promising 
It possesses advantages oven the him method m 
that it avoids the diflumlty of measuring accur- 
ately the* thickness ot the 1dm, and requires 
no correction for radiation through the liquid, 
since all the heal, lost by the inner surface of 
the tube must be* absorbed by the liquid itself 
(h) NvUleton — An ingenious flow method for 
detoimmmg the conductivity of mercury is 
duo to Nett leton A slow stream of morcuiy 
is forced up a vertical glass tube of which tlio 
top is steam-jacketed, the bottom cooled in 
ice, and the middle portion, surrounded by 
a constant temperature enclosure At one 
point tlio temperature of the column of mercury 
will bo tho same as that of the enclosure, which 
is taken as tho /eio of reference If now 6 X and 
() % are the* temperatures at distances L/2 above 
and below this poult, it can be shown that 

A- -a^ea, 


6 being the specific beat of mercury, m the 
number of grammes passing any section m a 
second, and A the cro«s sectional aiea of the 
tube Ei om the above equation the con- 
ductivity 1 ^ easily obtained 

E 01 full particulars of the method, reference 
must be made to Nettleto.i’s original papers 1 
§ (8) GasLb (K = 0 000015 to 0 00036) — 
As 111 the case of liquids, the determination 
of the conductivity of a gas is complicated by 
convection and radiation effects The attempt 
i,s generally made to eliminate the former and 
apply a collection foi the latter A number 
of obseiveis have investigated the problem, 
and then methods fall into thiee classes, viz 
the cooling theimometer method, the hot- 
wile method, and the film method 

( 1 ) Cooling Theimometei Method Kundt 
and Waibwg - — These obseiveis investigated 
the rate of cooling of a thermometer, the bulb 
of which was 111 an enclosure filled with the 
gas under experiment They found that for 
an the late of cooling remained constant for 
pressures between 150 mm and 1 mm , and 
foi hydrogen, between 150 mm and 9 mm 
It wao therefore concluded that within these 
limits the action of convection currents was 
negligible, and that the heat loss took place 
by conduction through the gas and by radia- 
tion, after allowing a due correction for the 
conduction along the thermometer stem To 
determine the radiation loss, the enclosure 
was exhausted as completely as possible, and 
the rate of cooling a$Is then found to be 
independent oh the shape of the enclosure 
This showed that the effect of conduction 
through any residual gas was negligible 
The radiation being thus known, the cooling 
due to conduction was obtained by difference 
If the thermal capacity of the theimometer 
is measui ed, the absolute value of the con- 
ductivity of the gas could be deduced 

Kundt and Warburg found that the con- 
ductivity of hydrogen -was seven times that 
of an, which was in accordance with Maxwell’s 
prediction Then value for air at 0° 0 was 
0 0000492 

Stefan 3 adopted a similar method, taking 
two coaxial cylinders of thin copper with the 
gas to be tested between them The inner 
cylinder served as an air thermometer, its 
tube passing through the outer cylinder and 
dipping into a vessel of water Observing 
tho rate of cooling of the thermometer, Stefan 
obtained the value for K 0 of 0 0000543 foi 
the conductivity of air 

A value very close to this was obtained by 
Wmkelmann, 4 who experimented with spheres 
and cylinders on the same lines as Stefan 


1 Pint Mag , 1910, xix 587, Proc Phys Soc , 1910, 
xmi, and M3, xxv 28 

a Pong Ann , 1875, clvi 177 
15 Journ de Phys , 1873, n 117 
4 Pogg Ann , 1874, elm 497 
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(n ) Hot-wue Method Schleietmache ? — 
Originally due to Andrews, this method was 
used by Schleiermachei 1 for measuung the 
absolute conductivity of a gas An electrically 
heated wire is sunounded by a coaxial cyhndei 
containing the gas under expenment The 
piocedure is very similar to that explained 
above, except that the wire is kept at a constant 
tempeiatuie, and the rate of energy dissipation 
is measuied As befoie, the vessel is exhausted 
so as to obtain the radiation loss and the end 
corrections 

The hot-wire method has been adopted by 
a number of observers, and some of then 
values foi the conductivity of air at 0° C aie 
given below 

Schleiermachei 0 00005G2 

Sehwarze 0 0000509 

Stafford 0 0000M7 

S Weber 0 0000568 


The latest exponent was Weber 2 He used 
a glass tube about 2 5 cm m diameter with 
a platinum wire 12 cm long stretched down 
the axis The temperature of the wire varied 
from 7° to 25° C above the sunoundmgs 
Particular attention was paid to the question 
of convection by studying the heat loss from 
the ware in the horizontal and vertical positions, 
and for pressures fiom atmosphenc down to 
a few r millimeties The end effect was deter- 
mined by experimenting with two vessels 
similar m all respects except then length 
For full particulars oJfethe vanous corrections, 
reference should be made to the original paper 
(m ) Film Methods — As m the case of 
liquids, a thin horizontal film, with the upper 
surface kept at a higher temperature than the 
lower, has been used to eliminate convection 
(a) Todd — Acting on a suggestion made by 
Poyntmg, Todd 3 adopted the film method 
The heat transfer across the film being by 
conduction and radiation and the latter being 
independent of the thickness, it w r as possible, 
by experimenting on layers of different thick- 
nesses, to eliminate the radiation loss 
The apparatus consisted of a plate 30 cm 
m diameter, heated by steam m its top surface 
The film of air was contained between this 
plate and a similai plate, which foimed the 
top of a flow calorimeter The air film was 
isolated from the surrounding air by a double- 
walled cylinder of paper, which fitted the two 
discs closely The heat reaching the cold 
plate was obtained from the flow calorimeter 
m Ik® usual way, while the temperatures of 
the steam and water m contact with the plates 
was measured An appropriate correction 
was made for the difference m temperature 
between the steam and watei and the respec- 
tive plates Todd experimented on films from 


1 Wied Ann , 1888, xxxiv 623 
l £ nn der Phys , 1917, liv 325 
Proc Roy Soc , 1909, Ixxxm 19 


1 mm to 5 mm in thickness, and obtained i 
value for the conductivity of an at 55’ t 1 <>[ 
0 000057, which is equivalent to 0 00001% 
at 0° C 

It would iioi Imps have been better if it 
had been possible to piovido ihu culoinneloi 
with a guaid-ung and improve its Him mill 
insulation 

(6) Helens and Laby * — These oxpemneutois 
also made use of a him of gas heated on its 
upper surface The anangement ol the appa- 
ratus is shown diagrammatic ally m Fn/ 23 
B is a hot plate sui rounded by a guai ti- 
ring D C is a watei cooled plate Tin* 
function of the plate A is to prevent any 
heat loss fiom the uppoi suifaeo ol B, so that 
all the heat gonoiated in B would pass through 
the ail film to C Foi this pur pose, 'V was 
maintained at the same temporal ujo as B 

All the plates wcio of copper A, B, and 
D each consisted of two sheeta of topper 
clamped togethei, and enclosing a healing 
coil of manganm and some thonmxouple 
wires The latter consisted of silk < over ed 



constantan, which was lot into git roves m the 
plates and insulated by a wax of high melting- 
point The constantan wnes formed couples 
with the coppoi plates and lotmn copper leads 
The plate B was supported fiom D by three 
I-shaped lvoiy buttons The surfaces ol B 
and 0, winch faced each other, were ground 
true and silver-plated, and extiaoidnmry 
care was taken to obtain the mean distance 
between the plates of careful (oirtoiunig 
The apparatus was made an tight by a img 
of stout lubber clamped to A and 0 by steel 
tapes 

The plates weie held together near tho 
outer edge by three holts passing through glass 
distance pieces 

When making an oxpemnont tho tompem- 
tmes of the plates A, B, and D wore adjusted to 
be approximately equal, corrections being made 
for the heat transference due to small thflci 
ences of temperature The plate A was i\ 1 wa ys 
kept slightly hottei than B, so as to avoid nny 
possibility of convection currents Tho tar ha 

tion correction was determined by independent 
experiments on a silvered Dewar flask It 
would have been picforable if it had been 
possible to determine it on tho apparatus 
itself, but the point is not of importance, 
4 Proc Roy Soc , 1038, xcv 190. 
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since the collection amounted to less than 
5 pei cent 

The thickness of the an film used was G 28 
mm , and theie was a clifieience of temporatuie 
of 20° ( 1 between the plates The conduc tivity 
of air at 0° C was found to be 0 0000540 

§ (0) Discussion of Methods — It will he 
realised fiom the oxpemnents which have been 
described above that theimal conductivity is 
among the more chflicult of the physical con- 
stants to measuie with any degree of precision 
When compared, for example, with electrical 
conductivity, it is noticed that there is nothing 
corresponding to an “ insulator,” m the 
electrical sense, which would enable the heat 
(low to be easily directed into any desired 
channel , wlnlo the almost instantaneous 
equilibrium established m an electncal system 
finds no theimal counteipait Nevcitheloss, 
the diveigencies m the values obtained by 
different expoi imenters for the same matonal 
are often zatlier sin prising Such divergencies, 
which aio not infrequently of the oidei of 
20 pei cent, could probably be minimised 
by the ob&eivaiiee of due precautions An 
attempt is made below to set out some of the 
more obvious of those 

As has been already shown, the determina- 
tion of absolute conductivity involves the 
measmoment of three quantities, viz the 
energy supplied to or passing through a body, 
the temper atm e distnbution, and the dimen- 
sions of the body 

(i ) Encujy Measmoment — Dealing Hist with 
the measurement of enoigy, the advantages 
of electncal supply aio obvious It is ap- 
plicable over a wide lange of temperature, 
it is easy to distribute uniformly, and it 
piesonts few difficulties of measmoment 
further, the conversion from electrical to 
thermal units can now be accomplished with 
consideiablo pieeision, m view of the sub- 
stantial agreement as to the value of the 
mechanical equivalent of heat 

When an enclosure of any size is to bo heated 
clock jeally, it is convenient to blow an ovoj 
a bare icsistor element, as was done by Lamb 
and Wilson, while battle plates can be used 
with advantage foi the purposo of shielding 
the walls from ladiation and of dnectmg the 
air flow. When a fiat heater is lequircd, care 
should bo taken to secuie uniform winding 
of th© resistor, which should bo clamped 
between metal plates, so as to givo a fiat 
surface and to reduce inequalities of tempera- 
ture distribution For this latter purposo 
thick plates of copper or aluminium are useful, 
owing to their high conductivity If the hot 
plate is suriounded by a guard-ring, there 
should he no metallic contact between the 
two, and the guard-ling heater should ho 
capable of independent adjustment Except 
m the case of short resistor elements, such as 


those of Niven and Poole, the escape of heat 
by conduction along the leads is not nnpoitant, 
but if any collection is to lie applied, lefoienco 
may be made to the method of Lees 

When the body itself is used as a lcsistoi, 
as with the so called “electrical methods” 
applicable to niefals, tho heavy curicnts and 
small potential chops m ihc the cneigy measure- 
ment moie chflicult (see, for example, Angell’s 
method) It is sometimes desirable to use 
alternating current to avoid Peltier oliects, 
and the Thomson effect has also to bo con- 
sidered 

An alternative to measuring tho electncal 
cneigy supplied is to deter mine the licat 
passing out of tho body This can be done by 
the usual devices of calonmetiy, such as 
measuring tho ice melted or the watei evapo- 
rated m a certain time, or, more srtisiactouiy 
by means of a flow caloiimetoi Examples of 
tho last mentioned are seen m JPiqs II and 
14 Rovei al nnpoitant precautions have to 
ho observed with this instrument The tank 
for supplying water should bo kept at a 
constant level and temper atui o At the in (low 
or outflow points, whore the tompeialures arc 
taken, pi o vision should be made ioi seeming 
thorough mixing of the watei so that tho 
mean temper at me of tlu stream may be 
recorded m each ease This can be done 
conveniently by means of baffles oi plugs of 
wno gauze ansoited m tho flow tubes A 
metafile pipe, preferably ol copper, should bo 
used foi convoying the stream msido tho 
calorimeter, but, both at (ho inflow and 
outflow, there should be a break m the pipe 
so as to prevent conduction losses along the 
metal Fox this purpose mbbor or ebonite 
connecting pieces can be used Tho use m 
temporatuie between the inflow' and outflow 
can bo measured best by a difleiential 
arrangement of resistance Ihoimometois or a 
senes of thermocouples 

(n ) 'Vempcuitwo Mvimu ernmt — One of tho 
mam difficulties mot with m conductivity 
experiments rs the measurement of surlaeo 
temper atui es. Attention lias already boon 
drawn to tho point in the ease of metallic 
surlaooa m contact with woll-stined liquids, 
and it has been shown that enormous errors 
may occur through assuming that the tempora- 
tme of tho metal surface is that of tho mass of 
tho liquid Rmuhuly m (lie ease of two solid 
siufac os wluoh are nominally m contact, there 
will often lie a sharp tempoiaturo discontinuity 
duo to tho interposition of air gaps The 
fact is not of groat importance where tho 
conductivity of tho solid, whose surface 
temperature is desired, is at all comparable 
with that of air Thus, m tho ease of insulat- 
ing materials, no appi eoiablo error is introduced 
by assuming tho temporatuie of tho metal 
plate which forms the boundary of the 


458 


HEAT, CONDUCTION OE 


material is that of the surface of the matenal 
itself Moie caie must, however, be taken 
in the ease of materials of medium condue 
tivity By using small specimens with good 
suifaces and improving the theimal contact 
with a glyceime or mercury film, Lees suc- 
ceeded m sui mounting the difficulty, but if 
such methods are impracticable it is bettei 
to abandon the attempt to deteimme suiface 
temperatuie and measure the temperatuie of 
isotheimal planes within the matenal This 
procedure was adopted by a numbei of 
evpenmenteis, e g Nusselt, Niven, Poole, 
and Dougill, Hodsman, and Cobb Coming to 
metals, the method of Hall for measuring sui- 
face tempei atuies has much to commend it At 
higher temperatures, where suiface emissivitv 
becomes an impoitant factoi, the device of 
Angell is mtei esting and appeals to have been 
successful However, the difficulties of deter- 
mining the surf ice temperature of a metal by 
any contact method aie so great that, vdierevcr 
possible, the temperature should be measuicd 
at isothermal suifaces within the metal, which 
will generally be m the form of a bar 

Another important point affecting tempera 
tuie measurements is to ensure that the 
thermal equilibrium has been leached before 
the final readings are taken With materials 
of high diffusrvity, such as metals, equilibrium 
is quickly established, but the process is veiy 
slow m the case of insulating materials If 
the initial temperature of the material is 
known, its approximate difiusivity, and the 
boundary temperatures to which it is to bo 
subjected, it is possible to estimate the time 
required for equikbrium A calculation of 
this land has been given by Niven loi a 
cylinder of sand heated axially This pro- 
cedure is not to be generally recommended, as, 
apart from the difficulty of such calculations, 
the data as to the diffusivities of insulating 
materials is very meagie owing to the fact that 
the specific heat cannot readily be frteasmed 
The matter, however, can be tested expen- 
mentally Taking, for example, the case m 
which the temperatuie of the bulk of tho 
material has to be raised, it will bo found that 
a measuiement of the eneigy supplied to 
maintain a constant difference m temperature 
will give an appaient conductivity which wall 
decrease as time elapses, gradually approaching 
a steady value corresponding to tho condition 
of equilibrium 

As an instrument for measuring temperature 
distribution the thermocouple is the most 
generally useful When employing it, care 
should always be taken to keep the wires 
leading from the junction m the isothermal 
plane for an appreciable distance Otherwise, 
as Nusselt has shown, very laigc enors may 
occur 

(m ) Dimensions and Shape — The measure- 


ment of dimensions presents few dilluidtiiH 
It is line that when oxpcnnuuls aie nude 
on thin lilms of gis or liquid, < nusultu thin 
accuiacy is demanded, and also that m some 
cases theie may be doubt as to the pit use 
dimension to be moasuted, as ioi instant e m 
determining the elk dive met of a 1ml plate 
suiiounded by a gu.nd-nng, or in dec idmg I he 
distances between two isotherm d planes whose 
teinpeiatiues have been takeu by fheimo 
moteis let into holes of appuoible dfamotei 
Geneially speaking, howovoi, dimensional 
quantities aie measuicd mine au mainly than 
the other quantities involved m a i undue - 
tmty dctennniation 

The dimensions should, of course, lie tpjno 
puato to the matenal to bo Icvilcd , thus d is 
advisable with ' msul it mg m dentils to use 
huge scale apparatus so as to avoid <nois 
due to local liiegulauties of stiuetuio 01 
packing The shape is also decided hugely 
by the same consideiation, but eaie should 
bo taken to avoid any shape m wlueh dim 
is likely to bo a dopaitute from a Todilmtui 
beat flow, as m such cases the shape fadin' 
is extremely difficult to call ulate ifiu this 
reason objection can bo taken to I hi' so (ailed 
“ box method,” adopted by many experi- 
menters, bv winch an attempt is made to 
deduce the conductivity from the he, if leakage 
into or out of a cubical box hui founded by a 
umfoim thickness of the malm ml 

(10) Discussion of Umhu-UTh A Himuiwi y 
of lesuits is given in Tables I to V. The 
valuos aie mostly those duo to the observe m 
whoso methods have boon doseubod above 
In the case of pom and medium umdudois 
wide divergencies are noticeable, wlndi no 
doubt aio largely due to ddloieiues between 
materials nominally tho same With metah, 
wheio the chemical composition and physical 
condition can be defined nmio piouHolv, Urn 
differences are less marked In hu ( tfie 
agreement between the values of boos mid of 
Jaeger and niesHcihornt, using entirely <hlh tenl 
methods, is veiy satisfactory The expon- 
mental difficulties due to con void ion and nulin- 
tiou, m the case of liquids and gases, militate 
against extreme accuracy, Tho individual 
values are not given fur gases. Table V hemp 
a summary of tho most probable mean values, 
up to 1914, prepared by Ilereus and baby. 
It should be mentioned that t ho recent cloloi- 
mmations oi 8 Woboi are higher than those in 
tho table by amounts varying tip |o M pe* emit* 

It is mtoiestmg to consider tho beaimg ot 
tho results on the relationship oi theimal 
conductivity to other physical piopertiea 
Romo of tho more important relationships am 
dealt with below 

(i) Theimal and Ehctrual ( i ondmimly of 
Metals 1 —' The ease with which electueal 
1 8eo article “ Electi ons/’ 
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oonductivitv of mot, da can bo measured lias 
foi a long time directed the attention of 
physicists to the possibihtv of establishing a 
relationship bt tween dentinal and thennal 
conductivity, so that the latter could be 
mein oc tly dot 01 mined 

Eoibos was the hist to diaw attention to 
tho fact that metals cm be arranged m the 
same Older as regards thou conducting 
powers foi beat and electricity In 1853 
Wiedemann and Lianz 1 propounded the law 
that the ratio of the thermal and electrical 
condui uvitic s was the same for all metals 
Loienz - extended this theory m 1872 by 
suggesting tlut the ratio w r as proportional to 


nickel, silver, /me, and copper — the value of 
Lorenz’s constant Tv/AT w r as nearly the same 
over the lange 18° to 100° C "The mean 
value was 2 43 x 10“ 8 , K being expressed m 
vvatts/cm see ° C , 1/X m ohms per c c 3 and 
T being the absolute temperature The few 
alloys that weie tested gave brghei values, 
and non and aluminium were respectively 
lugliei and lower Lees 6 confirmed the value 
of Lorenz’s constant down to ~170°C foi 
lead, cadmium, trn , nickel showed a slight 
use, and zinc, silver, copper showed a falling 
oft m value rn the ordei named All the 
alloys tested gave increasingly high values 
with fall of temperature Meissner, 8 who 


Table V 
GAsrs 

The constant f in tho table below is domed from the relation K=fr)C v , 
r) bung the viscosity and Gy tho specific heat at constant volume 


Gas 

J£ 0 a10 

cv 


v 


Vv 

Vo 10 1 

/ 

Ho 

12 7 

2* 

1 255 

o 

1 667 




1 883 

5 

2 31 

A 

3 85 

2 

0 123 

1 

1 667 

1 

0 0744 

1 

2 108 

3 

2 47 

H> 

3b 3 

9 

3 407 

5 

1 399 

4 

2 406 

2 

0 852 

12 

1 76 

N a 

5 It 

3 

0 214 

4 

1 401 

3 

0 175 

1 

1 673 

5 

1 76 

<>, 

5 35 

4 

0 218 

4 

1 401 

4 

0 1531 

1 

1 925 

6 

1 79 

An 

5 22 

14 

0 239 

7 

1 402 

18 

0 1715 

1 

1 733 

31 

1 76 

NO 

4 93 

2! 

0 231 

1 

1 397 

1 



1 737 

2 

1 73 

CO 

5 05 

3 

0 246 

2 

1 405 

2 



1 677 

3 

1 72 

CO, 

3 25 

10 

0 2015 

G 

3 300 

13 

0 160 

3 

1 428 

12 

1 45 

N»0 

3 34 

3 

0 220 

2 

1 317 

o 



1 364 

3 

1 47 

1 I a H 

2 81 

1 

0 2389 

3 

1 317 

3 



1 154 

1 

1 34 

NO a 

1 80 

1 

0 1527 

2 

1 258 

3 

0 1001 

1 

1 204 

2 

1 35 

Cl# 

1 69 

1 

0 120 

2 

1 341 

3 



1256 

2 

1 50 

Nil, 

4 71 

3 

0 531 

3 

1 306 

3 

0 390 

1 

0 949 

3 

1 23 

err* 

C 7G 

.3 

0 592 

2 

1 316 

3 



1 036 

2 

145 

cyu 

3 84 

3 

0 404 

2 

i 

1 250 

4 



0 940 

4 

1 27 


* The number given ifter e u h c onsfant is the nmnbei of values of which it is the mean 

)• The themetli al value 5/3 is used m piofeience to the one obsuved value 1 63 of TBelm and Geiger 

f Todd's value is not included as tho n< cuiaey of tile n duction of K from 55° to 0° 0 is doubtful 


tho absolute temper aturc On the develop- 
ment ol the electron thorny Drudo, 3 and more 
recently II A Loicnt/, 4 applying the kinetic 
thorny of gases to the motion of electrons, 
arrived at the same conclusion as Lorenz 
Up to 1900, howevei, the experimental values 
wer e too uncertain to allow any definite 
conclusion to bo drawn In that year Jaeger 
and Dicsselhoist 5 published the lcsult of 
thou investigation, which gave dnectly the 
ratio of tho two conductivities foi a numbei 
of metals and alloys They found that for 
seven pure metals — load, cadmium, tan, 

1 Ann do Clnmio, 1851, \li 107 
8 Am dot Phys , 1872, cxlvh 429 
a Ibid , 1900, i 566, and lii 369 
^ Proc Amst Ami , 1905, vii 4 38 
» Abh Phys Tech Reich , 1900, ill 209 


earned the investigation of copper, gold, 
platinum, and load down to 20° abs , agreed 
approximately with Lees, but found a very 
lapnl falling off m the constant as the absolute 
zeio was approached Thus at 20° abs the 
value foi copper was about one quarter of 
the value found by Jaegei and Diesselhorst 
at 290° abs The work of Onnes and Holst 7 
on the conductivity of mercury at 5° abs 
confirms this rapid diminution 
With regard to temperatures of over 100° C 
very little evidence is available Konno, 8 
using a comparative method with an appa- 
ratus similar m principle to that of Lees for 

0 Phil Tmns Roy Soc , 1908, ccvm 381 

7 Proc Al<ad van Wet Amst , 1914, p 760 

8 Phil May , 1920, ccxxxix, 542 
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medium conductors {Fig 13), found that the 
conductivities of tin, lead, zme, and alumi- 
nium steadily decieased towards the melting- 
point, wheie a sharp drop occurred Taking 
Tsutsumi’s values for electrical conductivity 
he deduced that Lorenz’s law held approxi- 
mately up to the melting-points The changes 
of electrical and thermal conductivity on 
melting were of the same order, but Lorenz’s 
law did not hold for the liquid state The 
conclusions of Angell as to aluminium are 
widely at variance with those of Konno 
While both obtained about the same value 
foi the conductivity at 100° C , the latter 
gives a value at 000° C of 0 3G and the 
former gives a value nearly three times as 
large Angell’s values of Lorenz’s constant 
for nickel as well as aluminium show rapid 
mcreases with temperature 

At still higher temperatures Langmuir gives 
a value for Lorenz’s constant for tungsten of 
3 49 x 10- 8 at 1900° G , which means a com- 
paratively small temperature coefficient on the 
value below 100° 0 Worthing, however, does 
not agree with this value 

The law of Lorenz has therefore only been 
shown to hold for a certain number of pure 
metals over the lange from about - 100° G 
to 100° C or 200° G Below this region it 
definitely fails , while above, further evidence 
will be necessary befoie it can be accepted 
As regards alloys, those tested by Lees and 
by Jaeger and Diesselhoist gave higher 
values for Lorenz’s constant than the pure 
metals and large temperature coefficients 
Further, Gruneisen 1 has shown that, m the 
case of copper and iron, small amounts of 
impurity lower the electrical far more than the 
thermal conductivity and thus increase the 
value of the constant According, however, 
to recent work m Japan 2 Lorenz’s law is 
obeyed approximately by carbon steels and 
alloys of iron with nickel, cobalt* and man- 
ganese, at ordinary temperatuies, and by 
carbon steels up to 900° C 

(n ) Conductivity , Elasticity , and Density of 
Non-metals — Thornton 3 has recently put foi- 
ward a tentative suggestion as to a relationship 
of the above-mentioned constants He shows 
that for such diverse substances as quaitz, 
flint crown and soda glass, graphite, marble, 
mahogany, deal, ice, and paraffin wax, the 
thermal conductivity is proportional to E p f 
E being Young’s modulus of elasticity and p 
the density His figures foi glass have, 
however, been criticised by Clarke 4 

(m ) Conductivity , Viscosity, and Specific 
Heat of Gases — -Many of the deductions as 
to the physical properties of gases, based on 
the kinetic theory, have been confirmed by 

1 Ann der Phys , 1900, iii 43 

2 Tdholu Unw Sci Rep , 1917, vm , 1918, vu 59 

8 Phil Mag , 1919, xxxvm 705 

4 Ibid , 1920, xl 502 


experiment m a remail able way Jn the 
case of conductivity, Maxwell’s prediction ol 
a value tor an of 0 000055 is w r el] within the 
range of those found by experiment, tho 
mean of which is given by JJercus and Laby r ' 
as 0 000052, while his value for hydirurcu uh 
being seven times that of an has been closely 
confnmed Another deduction from tlio 
kinetic theory is that Iho conductivity of a 
gas is independent of its piessure, and, as 
mentioned above, this has been found to bo 
true, except for voiy low picssuics ivhoic tin* 
mean fiec path of the molecules becomes 
comparable with the thickness of the gaw 
layei For these vei y low pi ('shut os Roddy an el 
Berry 6 and Knudscn 7 have shown Unit tho 
conductivity is nearly proportional to tho 
pressur e 

Tho important relation between tlio con- 
ductivity K, specific heat at constant volume* 
C„, and viscosity y } of a gas is primarily due to 
Maxwell, who showed that, assuming molecules 
are point centres of foreo repealing each' either 
according to a fifth powei law of distance, 

K -JGvVj 

the value of / being 2 5 
A considerable amount of oxpci lmcntal 
evidence is available as bearing on this 
relation, and a summary of it, due to Horens 
and Laby, 8 is given m Table Y The value 
of C v has been very seldom observed, but it 
can bo deduced from deter mmations of O p 
and of tho ratio of to C v Tho viscosity 
can easily bo measured it will be noire or l 
that for monatomic gases tho value of / 
agrees approximately with that given by 
Maxwell For gases with lughoi degrees of 
freedom the value is less than 2 5, being in 
the case of tho diatomic gases 1 75 So far, 
theoiy has been unable to account foi bints 
value, though various empirical laws have 
been propounded by Joans and otlieis 
Tho determination of tho conductivity of ii 
mixture of gases from that of its constituents 
is sometimes a matter ol practical important o 
According to the kinetic theory it is given by 

K- ISl i ^ _ 

l+A(pM H 

TCj and K 2 being tho conductivities, and p t 
and p^ tlio partial pressures of tho two gases, 
and A and B being constants tlio values of 
which are 

B "% A ’ 

where % and tho viscosities, and 

“ Pwc Roy Roc , 1918, xcv 190 

0 Prot Roy Soc , 1909, lxxxiii 251 

7 Ann der Phy s , 1911, xxxiv 593 

8 Ibid 
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lid m> the masses of the molecules of tlie 
wo gases 

S Webei 1 has, however, shown that these 
heoreticai values of A and B incorrectly give 
lie conductivity of the mixture The 1 elation - 
hip can be expressed m the form above 
lentioned, but the values of A and B must bo 
etei mined experimentally for each mixture 
"he table below, quoted hom Webei, shows 
ho difference between the experimental and 
heoietical values 


already been shown tliaf the rate of heat loss 
is given by 

II = ICA f ^ 

a i 

So that foi isotheimal sui faces which aie at a 
hmto dist.uice apart we have 

/Kell) 

TT 

Jch/A 

Eoi most matouals the conductivity K 
may bo taken to bo a lincai 
function of tho temperature, 
and bunco the value ol fKdO 
becomes tho product ot the 
conductivity for tho wean 
tempeiatuio of tho sui faces 
multiplied by tho tompoiatui© 
dillerence between them 
Tho quantity 1 ~f (dxl A) 


Gas Mixture 

Ovygen, 

Hydrogen 

Argon, 

ITcliiun 

Hydrogen, 

(\ul>on 

Dioxide 

Nitrogen, 

Argon 

A theoictic.il 

2 37 

1 62 

1 01 

0 86 

A experimental 

3 06 

0 38 

2 70 

1 07 

B theoretical 

0 92 

1 16 

2 50 

1 19 

B experimental 

1 38 

2 92 

0 40 

0 95 


T3ie variation m conductivity of a gas with 
bempeiaturc has also been considoied m the 
light ot the kmetic theory, accoidmg to which 
it should vaiy as the square root of the abso- 
lute temperature This would give a temper, a- 
ture coefficient of 0 00183 The experimental 
values for air have varied from 0 0013 to 
0 0036 Recently, however, Euckon 2 has 
shown that foi five different gases tho ratio 
of the conductivity to the viscosity is constant 
for temperatures fiom - 80° C to L00° 0 As 
legal els viscosity, a formula due to Sutherland 
lias been verified over a wide range of condi- 
tions, so that, it Eueken’s woilc is accepted, 
it can he apphed to conductivity This would 
give 


K 0 =Ko 


273 4-0 
040 



Foi an, taking 0 = 117, the tempcrafuie 
coefficient would he 0 0029 


II Application of Theory to Practical 
Problems 

As has already been indicated, the piobloms 
arising out of the flow of heat can be considered 
undor two heads, namely, those of the steady 
state and those of the variable state In 
tlie former the temperature at each point 
throughout the body remains constant and 
the flow of heat depends on the conductivity, 
while m tho latter, wheio the temperature is 
varying with time, tho thermal capacity per 
unit volume as well as the conductivity, 
becomes a determining factor 
§ (11) Steady State — tite Shape Factor 
— If two isotheimal surfaces are considered, 
differing m temperature by cU) and at an 
infinitely small distance dx apart, it has 

1 Ann der Phys , 1017, liv 481 

a Phys Zeit , 1911, xn 1101 , 1913, xiv 324 


clopends entirely on tho size 
and shape of the body and the position of 
tho suifaces by which tho heat enters and 
leaves the body, and has therefore been called 
by Langmun, Adams, and Meikle 1 tlie “ shape 
factor” Tho 'value ol the faetoi fm vat ions 
shapes is given below, together with tho 
solution of a few typical piobloms of heat 
flow 

(i ) Plane Wall or Flub — The shape factor 
m tilth ease is obviously tho lafio of tho 
area A to the thickness r, and if the wall is 
homogeneous and of mean conductivity TC 
the rate of heat flow through it is given by 
KA (0 x -tf 2 )/a 

II the wall is a composite one, being made 
up of a numboi of parallel layers of different 
materials of conductivities KjKo and 
thickness , and if 0 l 0 i are tho 

temperatures of tho faces of the successive 
layeis, then 

O _ (0 % "" 0%)fi jl ___ (dj — 0 n )( * _ 

hi - „ ~ ~ f " » 

where Q is tho rale ol heat flow through a 
unit atea ol tho wall 

Eliminating tho lomporatuios mtoimodiato 
between () t and 0 n we obtain 

O— _ (^3 ™ On) 


0 X - 0 n is the total dillcucneo of tompoiatiuo 
through tho wall, so that tho composite wall 
of total thickness N is cijiuvalont to a simple 
wall of this thickness and of conductivity K, 
such that 


r i , ^ 

K x f K 


The formula enables one to calculate tho heat 
flow through a composite wall if tho con- 

s Trans Amcr Blech achem Soo , 1013, xxiv 53 
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ductrvities and thicknesses of the components 
are known and the total tempeiatme dtop 
thiough the wall 

In many piactical problems the suiface 
temperatures of tlie wall or slab are not 
known and cannot conveniently be measured, 
eg a boiler plate heated on one side by hot 
gases and cooled on the other by water , or 
the wall of a dwelling-house or a cold store, 
the two faces of which are exposed to air 
at different temperatures It is desired 1o 
calculate the heat transfer from the known 
temperature of the gas or liquid m contact 
with each face of the wall The general 
treatment of this problem is beyond the scope 
of the piesent aiticle, but it may ho useful 
to give an approximate solution of the case of 
a wall the faces of winch aie exposed to still 
air at temperatures not differing greatly 

If 0 X and 0 i are the temperatures of air, and 
6 2 and 0 2 the temperatures of the faces of 
the -wall, then, since the heat transference 
between a surface of the wall and the sur- 
rounding air is nearly proportional to difference 
m tempeiatuie, 1 

Q =E{0 1 - 0 0 =E(0 3 - B,) 

where Q is the rate of heat transfer pel unit 
area 

Eliminating 9, and we obtain 

a — ffi 
u ~2/E + -r/K 

For air temperatures about that of the 
atmosphere, and for surfaces which are plane 
and vertical and are full radiatois, the \alue 
of E is loughly 0 0002 calories per sq cm 
per second per 1° 0 diffeience of temperature 
The contributions of radiation and convection 
towards this value are of the same order of 
magnitude 

Some applications of the formula can now 
he considered 

(a) If the wall is of thra metal (say, copper), 
% will bo a fraction of a centime tie and Tv will 
be nearly 1 0 C G S units The value of nc [ K 
will be negligible as compared with 2/E, and 
the heat transference will be governed entirely 
by emission coefficient of the wall If tho 
metal suiface is polished, its power of absorbing 
or emitting ladiation will be very small, and 
the value of the omission coefficient E will 
be much less than that given above 

(b) If the wall is of thin paper of con 
duetmty 0 0003 COS units, r/K 'would still 
be small as compared with 2/E , while, since 
paper is a good radiator, E will be much 
greater than for the polished metal, so that 

1 The heat is fi ansf erred by rad lation md c onvcction 
The former is proportional to (tf x +273) ,1 --qkH“273)* J 
and the latter to — 'For small tempeiature 
differences the heat transferred vanes approximately 
as (fli- 02 ) 


we have the apparent anomaly of a thin paper 
wall transmitting more heat than a metal 
wall of the same thickness 

(e) If the wall is thick (say 100 cm ), and 
of good insulating material like gianulatod 
coik (K =0 0001), */K would bo large compaied 
with 2/E, and tho transmission of heat would 
bo governed almost entirely bv the con- 
ductivity of tho material of tho wall and not 
by its emission coefficient 
(n ) Cylinder oi Cylindrical Shell — Tho 
shape factor m tins case is 


2 t rl _ 2_73 1_ 

logo (b/a)’ 01 log jy (b/af 

where a and b aio the internal and external 
diameters and l is the length, winch is supposed 
to be great compared with the diameter If 
t-lic tomperatmes of the internal and external 
suifaces are know n, the above formula enables 
the beat transmission to lie calculated 

As m the ease of a wall, howevci, it may 
not bo convenient to dot ci nunc suiface tom- 
peratuies Taking as an example a steam- 
pipo covered with insulating material, the inner 
temperature of the lagging may be assumed 
to bo that of the steam, since there will bo 
no appreciable gradient tlnough the pipe It 
is desired to calculate the heat loss, knowing 
the temperature of tho sun minding an Pro- 
ceeding m a similar way to that followed m 
the case of a wall wo got 


o 2*W0 i-QJ 

logo wo 


= 27rJZE(ftj -(?,), 


where B 1 and 0, are the mnoi and ouiei 
tempoiatuios oE tho barging and 0, that nf 
the air Tho elimination of 0 i give <s 

A- — ^V-Ox-Oi) _ 
lJ -((I/K)lo g ;(ft/«) |-(1/;,E)) 

The heat loss fiom the bare pipo would be 
Q = 27rZa E(/?j_ — () 2 ) 

It does not follow that the heat loss fiom 
the baie pipe would always bo gieatei 
than that fiom tho covered pipe If tho 
covering woio of metal, it is obvious that tho 
revci so would bo tho case, and even with 
medium condnetm s it is possxblo that the 
covered pipe would give tho gieatei loss 
Pt*clei, a who was probably tho Jirst to chaw 
attention to this 7 mint, took tho case of a 
pipe 12 cm m diameter and with insulation 
varying m thickness from 1 cm to 12 cm If 
the conductivity of tho insulation was 0 00012 
0 G R units, the heat transmission diminished 
with mei easing thickness, if the <ondu< tivrty 
was 0 002, ot sixteen times ns great, tho ti ana 
mission was approximately constant for all 
thicknesses , and if tho eouthu trvjty was 
0 004 the heat loss increased with tho thick- 


2 Traitt de la cJmleur, 1H0O 
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ness until it 12 cm it was greitor than that 
for the haie pi j k 

A full treatment of the subject has moio 
leeenlly been given bv Porta 1 

(m) 8phue at Bphetual 8he.ll — The shape 
factor is 2? rahj(b a), whom a and h aio tho 
internal and external diameter « Tlio ease of 
lagging stuiuundmg a sphcie can be treated 
m the same •way as that loi a cybndei, but it 
is not of much practical impoitanee 

(rv ) Ret tamjulm Pi ism or Box — Examples 
of tins case are commonly met w it h m piactice, 
e q a iuinate chamber nf cubical oi red 
angular shape bui rounded by walls of uniform 
thre kness N o i lgicl 

ma thomatrea l solid ion 
has yet been obtained 
foi the shape faetor, but 
assuming that tho mnn 
and outer smfai es aio 
isotheimal, Langmuir, 
Adams, and Meiklo 2 
have given an appioxi- 

l''m 2! — hi 1 1 ion of mate fan mul.t 
I*usm slum mg Plow They take hist tho 
Lines and r ,ot hoi m Us r rv r n i nn „ i m ii nu 

iu.iriljiiu,ui cclKi V Msc 01 * 1o11 S ll0ll ,vt 
prism of i ectangulai 

section and umloim thickness If A is the aiea 
of the interior bui i ace and t tho thickness of the 
wall, and if tho lines of heat flow were normal 
to the mteiioi smfaee, the shipo factor would 
bo A/t The lines of heat flow will, however, be 
normal only for the central portion ot each 
face Towards tho crimes they tend to become 
radial, though they are not rectilinear Tins 
is illustrated m Pit/ 2K which shows tho lines 
of heat flow and tho 
isothermals tor a poi- 
tion of tho section of 
tho pi ism Tho edge 
will tend to increase 
the shape fat to i, and 
the amount bv which 
tho factor is made to 
exceed A/t mav be re- 
garded as the shape 
faetoi ol tho edge lhelf 
I>y a senes of approxi- 
mations the shape fatten of the edge is shown 
to bo 0 477/, where 1 rv its length 

Next, the euve of a cubical or roctanguKn 
box of u nifor m thickness is taken In addition 
to the edges, which have tho same faetoi as 
in tho ease of the prism, there is tho olleot of 
tho comers The shape factor of each corner 
is estimated to he 0 1512, whore / is tho thick- 
ness of the wall of tho box Tho edges and 
corners so far dealt with are termed “ square ” 
edges and coiners (see F'g 25) 

If two opposite walls of the box are supposed 
to appxoAoh each other until they nearly 
touch (see Fig 20), the square edges AO and 
1 Phil Mag , DIO, xx 511 a Loc at 



Eld 2*5 — Culm al Box 
l n net smfaco nhulul 
\(! ind BI>, “ Hf|uaii ” 
idf;es A, B, 0, I), 
“ squ ue ” i m n< m 


BD foi m piac tie illy one edge, which is called 
a “ jiHnc ” edge and lias a shape faetoi ncaily 
double that of two “ square ” edges Similarly 
the ioui “ square 1 comers A, B, C, D now 
form the two “plane” corneis A13 and CD, 
for which &h ipe factors aie calculated An 
example of the case illustrated rn Fu/ 26 is 
a lectangutai plate surrounded by a umfonn 
thickness of mater ral 

It is interesting to note that Langmuir , 
Adams, uid JVIeiklo coniirmed then theoretical 
deductions by experiments based on the 
analogs of heat flow through walls and the 
flow of electricity through an electrolyte of 
the same shapo Elementary cubes, prisms, 
cylinders etc , of the cdcetiulyte (copper 
sulphate) weto formed by joining together 
suitable plates of glass and ooppoi, and the 
electrical conductivities of the various shapes 
of electiolyte were compared In this way 
the shape factors of a square edge and plane 
edge wore found to bo 0 54 and 0 93/ while 
the theory has given 0 177 and 0 952/ The 
values of a square cornel and piano corner 
weio 0 15/ and 0 087/ The experimental 



A.BC1), “plane ” edgi AB and (4), “ pi me ” comets 


valuta are accepted m pietciencc to the 
theoretical, md they were found to hold if the 
linear dimensions ol the inner surface exceed 
Tins limit would bo exceeded m most 
pr ac tic il eases 

Tho author’s conclusions as in tho shrpe 
faetoi S ot a cubical or rectangular box can 
he summaused aH inflows 

All mtonoi dimensions > \ t t, 

S A l 0 Mil t-1 2t, 
one dimension ( '/, 

,S ^ ) 0 40')^ K»35i, 


two dimensions 

2 7 3/ 

i<>L (*/«)’ 


tin eo dimensions - J2, 

S “0 79 


\/AB 
I ’ 


A and B being tho areas of the inner and 
ou lei surhiocs 

Examples of tho lust twm cases are respec- 
tively a small square section rod or a small 
cubo with a great thickness of insulation 
mound them 
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Example of Calculation of Shape Each) — Take 
an electrically heated oven with 8 inches thickness 
of insulation, and of inside dimensions 8 x 10 v 20 m , 
which are all greater than \i Then 

A=2 s S'* 10 = 160 square inches 
+2 10x20=400 
+2 a 20 a 8=320 

880 

2Z = 4(8 + 10 + 20) = 152 inches 

Hence S is the sum of -=-—==110 inches 
t 8 

+0 54^=0 54x152 = 82 

+ 1 2t = l 2 x 8= 9 6 4 , 

20fh „ 

It is interesting to compare this result with two 
other methods which are sometimes adopted 
Calculating the shape factors from the areas of the 
mner and outei surfaces by means of the foimula 
S={A//),and taking either the arithmetic or geometric 
means between the two values, the following results 
aie obtained foi the oven 


surface, and so on For these cases Fouuoi’s 
equation l educes to 

dO.JPO 
dt <7a 2 

They can conveniently be consicloicd under 
vanous heads according to the dimensions oi 
the body, its initial tempei atmo distal mtion, 
anil the mode of heat supply 
(i ) Periodic Plow pom a Plane Pm far a into 
a Semi infinite Solid — Suppose that the heat * 
supply is such as to piodueo simple hauiumio 
variations of temperature at the suiiaco oi an. 
infinite solid, and that 0 o is the am])litudo and 
T the period of the oscillation Then the 
tompeiatuie of the suifaco at any time is 
given by 


It can bo shown 1 that the general solution 
of Fourier’s equation, which satisfies this 
boundary condition, is 


Arithmetic mean 353 3 

Geometric mean 247 4 


which differ considerably from the other value 

The formulae which have been summarised 
above are a useful contnl mtion to wauls the 
solution of the problem of calculating the heat 
losses fiom rectanguiai shaped bodies covered 
with a umfoim thickness of insulation. It 
must not be foi gotten, however, that they 
apply only where the mner ancl outer sui faces 
are isothermal, and that this condition is often 
not realised in practice 
§ (12) Variable State— Heat Dmusivity 
All problems connected with the vanable 
flow of heat depend on particular solutions 
of Fourier’s fundamental equation, 


dd 

C ?dt 


T T" (Pd 

= Iv U> H 


d-e , d s 0 d*0\ 
*dt/ i + d; 2 )’ 


m which K, c, p aie the conductivity, specific 
heat and density of the body, t the time, and 
6 the tempei atui e at any point whose co- 
ordinates are x, y, z This equation exp tosses 
the fact that the late of heat inflow into, oi 
outflow from, any small element of a body 
(represented by the right-hand side of the 
equation) must equal the late at which the 
element is gaimng or losing heat (left-hand 
side) It is fiequently written in the form 


dd 

dt 


=7i 2 V 2 ^ 


h 2 oi K/cp being a constant which is known 
as the diffusivity (see § (2) (n ) above) 

The problems tieatcd below are concerned 
only with the flow of heat m one dimension 
For example, the penetxation of heat into a 
fireproof wall, one face of which is raised to 
a high tempei ature, the propagation of heat 
waves mto the earth’s intenoi fzom the 


e==6 ° e 

whoio 0 is the iompeirtuio at a distance a* 
fiom the suifaco 2 It will be seen Jrom tin* 
form of this equation that the tom per atm o 
at any point will vary periodically and that 
the amplitude of the oscillation will dimmish 
with the distance fiom the suifaco Tim 
following chaiactonstics of iho wave pm~ 
pagaiion can be deduced from tho equation 

Amplitude at any point = 0 o e 7* T 

Velocity of propagation = 2 /i,y^, 

Wave -length = 2 //, <n/Jt 

Tho “lag,” which cun bo defined as the timo 
taken foi any crest, trough, oi other pints*' 
of the wave to loach a point at a distance r 
fiom tho surface, is equal to (aj2h), n/T/tT. 
lle.it will flow into tho maternal duung mm 
hah penod of tho tompeiatuie oscillation and 
out of the matenal during the oflioi half 
penod It can ho shown that tho heat flow 
during a half penod is 



(a) ■A.pplication Diurnal and Annttttf 
Waves tn the DaUh's Crust —The mu faro of 
the earth is subjected to daily and arniuui 
waves of temperature which, to a Hint approxi- 
mation, can he assumed to ho simple bar moults 
oscillations The square root of tho mtio til 


P™’ f f/ ’ iuurrsou nnci zrmpi, introduction to t /**. 
Mathematical Theory of Real Conduction (Ginn iV Co >, 

Thk S i?/daua«?na2) C ° nrtn0ti0n ° r> 
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the pounds of tho annual and daily waves as 
about 20( \/ ,505 = 19 1) So that we can at 
on 00 deduce fiom the expressions given above 
that the wave-length and the lag at any point 
foi the annual wave will he twenty times those 
for a daily wave Tho amplitude o± the latter 
will fall oft veiy rapidly with depth Taking 
tho case ot a daily wave with a range + 15° C 
to - 5° 0 m soil of diliusmty 0050, the ampli- 
tude of 20° 0 at tho suifaee is reduced to 10° 
at 8 cm , 1° at 35 cm , and 02° C at 80 cm 
Smco tho mean temperature of tho soil is 
5° 0 an amplitude of 10° 0 will just be suffi- 
cient to take the soil 0° C , so that the fieezmg 
temper aturo will only penetrate to a depth of 
8 cm Tho lag at this depth will be about 
21 horns If an annual wave had the same 
range as tiro daily wave taken above, the 
fieozrng temperature would penetrate twenty 
tunes as fax and the lag at this point would 
bo 10 days 

Tho mathematical formulae given above 
apply only to simple harmonic oscillations of 
temper at uie The annual wave, m particular, 
departs considerably from the simple form, 
and it may therefore he necessary to analyse 
it, according to tho Fourier method, mto a 
number of simple harmonic components 
Those ol short; iioriod, like the daily wave, 
laprd ly become inappreciable as the depth is 
increased 

A number of obsoiveia have studied the 
temperature waves in soil for the puipose of 
measuring its difiusmty, and some of then 
values aro given m the table below 

Tabll YI 


at a distance x from the central plane of the 
slab is given by 



2/ivT 


Values of this integral (the “ probability 
integral ”), winch is frequently met with m the 
solution ot problems of variable heat flow, 
will be found m Tables of Mathematical 
Functions 2 

As an example we may take the case of 
concrete, originally at a temperature of 10° C , 
which is poured into a trench 60 cm wide 
cut m the soil If the temperature of the soil 
is - 5° C it is desired to know whethei the 
concrete will have time to set befoie it is 
fiozen 

Foi this purpose we can calculate how long 
the freezing tempeiatuie will take to penetrate 
to a depth of (say) 6 cm below the surface 
of the concrete, which it is assumed has the 
same diffusivity as the soil (0 005) Here 
l = 30 cm , a, = 24 cm , while 0 O = 15° and freez- 
ing temperature = 5°, both lelativa to the soil, 
so that 

6 




2h^t 


The limits of the integral may be called q and 
- 9#, and by a process of trial from the table 
of values it can be shown that # = 0 065 nearly, 
so that t is over 4 days 

It is interesting to note that 
as the conditions of symmetry 


Obsei\a 

Soil 

Loc ility 

DilTusivit-y 

Kelvin, I860 

Gaiden sand 

Edmbuigh 

0 0087 

Neumann, 1803 

Sandy loam 

Edinburgh 

0136 

Everett, 1800 

Giavcl 

Greenwich 

0125 

Anush, om, 1801 

Sandy clay 

Upsala 

0057 

(Ulbnchu, 1805 

Garden sand 

Montical 

0036 

Uambaui, 1900 

Gravel 

Oxfoid 

0074 


require that there can be no 
transfer of heat across the 
middle plane of the slab, the 
above solution applies also to 
the case of a slab of half the 
thickness one face of which is 
placed in contact with an 
infinite block and the other 
protected from heat loss 

(m ) Semi-vijinite Solid at 0° 


Tlio two last - mentioned observeis used 
platinum thermometers, winch ax c much to bo 
pi ef cried to the mercury thermometers with 
Jong stems used in some of tho cailior woik 
Oallendar points out. that water lias a very 
largo effect on the diffusivity of the soil Its 
pxesoncc increases both the conductivity and 
tho heat capacity, but tho former to a greater 
extent, so that the chfTusivity is increased 
Under very extreme conditions the diffusivity 
may vaiy from 0 001 to 0 030 

(n ) Insertion of Slab at Temper atm e 6 0 
between tivo Infinite Blocls of same Matenal 
at 0° 0 — If the slab is of thickness 2 1 it can 
bo shown 1 that tho temperature at a point 
1 Ingemll and Zobel, loc at p 70 


with Boundary Surface maintained at 6 0 — 
This case differs from the first case discussed 
above m that the boundary temperature 
instead of varying periodically is supposed to 
be suddenly alteied to 0 Q> and then maintained 
constant 

It can be shown 3 that the temperature 6 
at a distance % below the surface is given by 

0=-f°[°° e-^cZ/S 
vW X 
2 h^t 

From this equation it is easy to deduce the 

a Wellisch, Theone wid Praxis der Ausgleich- 
rechnvng, p 257, or Tngersoll and Zohel, loc at p 166 

3 Ingcrsoll and Zobel, loc at, p 78 
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“ law of times ” according to which the times 
required for any two points to leach the 
same temperature are proportional to the 
squares of their distances from the boundaiy 
plane 

As an application of the above equation we 
may take the case of a mass of concrete 
(diftusivity 005) at a temperature of 20° the 
surface of which is suddenly laised 740° 0 
It is required to ascertain how long a tempeia 
ture of 100° C will take to penetrate a distance 
of 30 cm Here d Q is 720° and 6 is 80°, 
measured relative to the original temperature, 
and t is found to be about 36,500 seconds ox 
10 hours 

(a) Application Cooling of the Earth — 
The equation above can also be used for the 
solution of the problem of the time taken 
for the coolmg of the earth to its present 
condition, neglecting the effect of the earth’s 
curvature By differentiating the equation it 
can be shown 1 that 




7T h*(d6ldx) 0 * 


original temperature 0 Q 
■ 01178, and the surface 
be 1° C in 2776 cm , 


Kelvin assumed the 
to be 3900° C , A 2 = 
gradient (ddjdx) 0 to 
and obtained a value of 100 million years 
Even allowing very wide limits of error, this 
estimate is far below that based on geo- 
logical considerations It has been sug- 
gested that a probable explanation of the 
discrepancy between the two estimates is 
supplied by the recent discovery of the con- 
tinuous generation of heat by the disin 
tegration of lacho active compounds 
(iv ) Slab at Uniform Tern- 
pei ature * one Face raised to 
Temperature 0 O and kept con- 
stant, the other protected from 
Heat Los <? — If 1/2 is the 
thickness of the slab the re- 
lation between time and the 
tempei ature of the piotected 
face is shown by Ingersoll and 
Zobel 2 to he 

-Wirt 

5^' " l ' ' 4 


(2 e 1) each face of which is suddenly laiHed to 
and maintained at 6 () 

As an example of the above conditions we 
may tako a wall of conciete backed by a w on den 
casing or a flooi of masomy or conciete on 
which is piled some pooily conducting but 
inflammable material It is desned to know 
how soon a file on one sido of the wall would 
cause a dangeiously high tern pci at m o to 
penctiate to the other side It follows at 
once that the effectiveness of the wall oi Iloor 
m preventing hie depends on a low value of 
the diffusivity lather than the conduct ivity, 
and that the time taken for a dangmmm 
tempei atui o to penotiato to the lem laco 
will vary as the square of the thickness (of 
law of times above) 

The solution given requires that the faeo 
of the wall should be suddenly raised to a 
tomperature and maintained there In 
piactice this condition would not bo i calmed, 
but Ingersoll and Zobel show that a hc ilul ion 
may be aruvod at by the device of imagining a 
layei to be added to the outside of the v all, the 
surface of winch is suddenly xaisod to a tom- 
peratuio 6$ By suitably choosing the add or t 
thickness and the fompexatuio 0 Q % a voi y dose 
approximation to the temperature use of this 
actual suifaco of the wall can bo obtained 
For most purposes, ho wo vet, a sufficiently t lose 
solution is given by using tlio moan value ol 0 Q 


For furthei examples of piactical pioblorrm 
depending on the vanablo state, refomico 
may be made to a standaid textbook, such 
at that of Ingersoll and Zobel, fiom wJui h 
many of the solutions given above have been 
drawn 

T^ble VII 

Diffusivity of Metals and orirani Substances 
Diffusivity ( h 2 ) = Jc/cp 


9=eJ l-fe 


+ S e 


- O/i-TT- 

l 2 


4 ,-25 AVf 

sf—*~ 


\ 

+ J 

Generally it is only necessary 
to take account of thefiist two 
or three terms of this ex- 
pression As in the other case 
of a slab dealt with above, the 
equation also gives the tem- 
perature rise of central plane 
of a slab of twice the thickness 

1 Ingersoll and Zobel, foe cit p 89 
2 Loc cit p 108 


Metals 

DiiTusivity 

Other Substances 

Dilfuslvitv 


C Cl S units 


C G K units 

Aluminium 

0 826 

Air 

0 179 

Antimony 

0 139 

Asbestos w ool 

0 0035 

Bismuth 

0 068 

Brick (liro) 

0 0074 

Brass 

0 339 

Buck (building) 

0 0050 

Cadmium 

0 467 

Charcoal 

0 0020 to 0030 

Copper 

i m 

CJoal 

0 002 

Cold 

1 182 

Concrete 

0 0056 

Iron (wrought) 

0 173 

Coik (granulated) 

0 0020 to 0030 

Iron (cast) 

0 121 

Ebonite 

1 0 0010 

Lead 

0 237 

Glass * 

0 0057 

Magnesium 

0 883 

Granite 

i 0 0155 

Mercury 

0 033 

lco 

; 00112 

Nickel 

0 152 

Kieselguln 

; 0 0020 to 0030 

Palladium 

0 240 

Limcstono 

' 0 0092 

Platinum 

0 243 

Slag wool 

0 0020 to 0030 

Silver 

1 717 

Snow (fresh) 

0 0033 

Tm 

0 407 

Soil 

Seo Table VI. 

Zmc 

0 402 

Water 

0 00143 
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HEAT, CONDUCTION OF 
MATHEMATICAL THEORY 

^ondtjctiont the no-mo given to the piocess 
by winch he.it is transferred fiom one portion 
of a body to anothoi portion immediately 
adjacent to it, across the common boundary 
or m tei face, m consequence of inequality of 
tompoiatuio It is to be distinguished from 
Radiation, which may take place between 
bodies which aio at a distance apait, with no 
mat enai connection, and from Convection, m 
which the transfer is piomotcd by currents m 
the substance 

The points of a body which at a given in- 
stant have an assigned temperature Q he on 
a surface, called an “lsothcimal” surface If 
we imagine a scries of such surfaces to he 
diawn Cor equal small intervals of 6 we obtain 
a complete mental picture of the instantaneous 
distribution of tempcratuie Tn general the 
configuration of these sui faces changes from 
instant to instant When on the other hand 
it is poimanent we have what is called a 
“ stationary ” state 

The mathematical theory of conduction 
stai ts with the assumption that m an isotropic 
substance the flux of heat across a surface 
element drawn (m any direction) through an 
internal point P is m the direction of diminish- 
ing temperature, and is proportional to the 
space-rate at which the temperature falls m 
the direction of the normal Hence if 8S be 
the aiea of the element, and dn an element of 
the noimal to it, the (positive or negative) 
amount oi heat which crosses in time dt, m the 
direction of 5n , is 

-/ c |ss St, (1) 

where l is a coefficient called the “ thermal 
conductivity” The value of l depends o£ 
course on the llieimomeinc scale adopted, 
and on the nature of the substance It 
vanes also io a slight extent with 0, but this 
is not impel tant unless tho range of tempera- 
tures be considerable, and is usually ignored 
m tho mathematical theory. It is evident 
that the flux is greatest m the direction of the 
normal to the isothermal surface through P, 
and zero m tangential directions 

Tho simplest problems are those of linear 
flow, whore the isothermal surfaces are parallel 
planes, as when the faces of a large flat plate 
or slab are subjected to given changes of 
temperature, uniform ovei each Taking the 
axis ol x normal to these planes we calculate 
tho amount of heat gamed m time dt by unit 
area of a stiatum of thickness ox The 
amount which enters the rear face is 

k & st ’ 


whilst an amount 


-l 


(dd 

VS 


m 


*5a,) 


dt 


leaves by the front face There is thu & on 
the whole a (positive or negative) gam of 
amount 


7 d 2 d. 

/u?n — nOXOt 

da 3 


To find the consequent change of temperature 
we divide by the thermal capacity of the 
portion of the stratum considered, viz pcox, 
where p is the density, and c the specific 
heat per unit mass Hence 


or 


0*.. h d-e., 

dt pc tfx 2 


9 Q __ &6 
dt ~~ K dx 2i 


( 2 ) 


where k —~ (3) 

pc v 

It is this quantity a, rather than l, which 
detei mines the rapidity w r ith w r hich tempera- 
ture changes ensue, under assigned conditions, 
in a body of given dimensions , a is therefore 
called the “ thermometnc ” conductivity 
It appears from (2) that the dimensions of a 
are those of the square of a length divided 
by a time Hence in geometrically similar 
bodies of the same material the times m which 
analogous changes of tempeiatuie take place 
are proportional to the squares of the lmear 
dimensions 

In a stationary state we have dd/ct—O and, 
therefore, from (2), 0 = A + fks, the graph of 
which is a straight line Thus if the tw r o 
faces #=0, x~l (say) of a slab he maintained 
at given temperatures 0 O , 6 V w T e have 

0=0o+(0i-0o)f W 

The simplest example of a variable tempera 
ture is that of a solid bounded by the plane 
;r=0 and extending to infinity m the direction 
of x positive, when the surface is subject to 
a periodic variation 

6 = Bq cos cot (5) 

The work is shortened if we replace (5) by 
0=0 o e to£ and afterwards reject the imagin- 
ary part of the result Assuming 0=ue lU}i 9 
where u involves x only, we find on substitution 
m (2) 



d 2 n no 

(6) 

whence u 

= Ae ^ 1 + l ) mx + Be ” (1 + ^ ww; 

(I) 

provided 

II 

i 

(8) 


Since m our case u must not become infinite 
with x, A must vanish, and puttmg *=0 we 
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find B — 0 {) Hence, retaining only the real 
part, 

0 — 0 Q e~ mx cos(u£ - mx) (9) 


The fluctuations of temperature are propa- 
gated mwaids without change of the period 
(2 tt/w), 'with the wave- velocity <a/m, or \f(2 ku), 
but diminish m amphtude as they proceed, 
accoidmg to the law e~ mx In the space of 
a wave-length (2? r/m) the ratio m which the 
amphtude is diminished is e” 2Tr or 1/536 
This example is of interest as illustrating the 
way m which the daily and seasonal variations 
of temperature at the earth’s surface are 
modified as they penetrate into the ground 
It appears from (8) that the more lapid 
fluctuations have less penetration than the 
slower Thus at a ceitam depth the alterna- 
tions of summei and winter may be still 
sensible, whilst the daily variations are im- 
perceptible The progressive change of phase 
is also to be noticed At a depth 7 r/m the 
phase is inverted, the temperature being (for 
instance) highest m -winter and lowest m 
summer 

If we start with an initial distribution 


0=B sin mx (10) 

m a solid unlimited both ways, we have, 
assuming 8—u sm mx. 


where u involves t 


only. 


du 

dt 


+ A.HI*U = 0 


(li) 


Hence, determining the constant so as to 
agree with (10) when l — 0, 

sinwi« (12) 

This is a simple example of a ** normal mode ” 
of decay of inequalities of temperature in a 
body left to itself The smaller the scale 
(2 tt/m) of the inequalities the more rapid is 
the process of smoothing out The result may 
be adapted to the case of a slab bounded by 
the planes £=0, x = l, by making sm ml— 0, 
or ii i — st jl, where s is any integer The normal 
modes corresponding to s=l, 2, 3, , 

respectively, may he superposed , thus 

sm^ + B 2 e~ A “ f sm^p + (13) 

where X 8 — - K (14) 

The coefficients B a may be determined so that 
(13) shall represent, for t—Q, any arbitrary 
initial linear distribution of temperature m 
the slab ( v 1 Eounei’s Theorem ”) As t m- 
ot eases, the successive terms m (13) giadually 
dimmish, each moie lapidly than the pre- 
ceding one, so that the first component is the 
last to survive m appieeiable amplitude 
To investigate the propagation of heat m a 
uniform bar it is necessary to take account of 
the loss by radiation from the sides The 
usual assumption is that the time rate of 


loss per unit area of the surface is E/9, wheie 
6 is the excess of temperatuie above that of 
the environment, and E is a constant, called 
the “ emissivity,” whose value depends on 
the nature of the surface The loss in time 
dt to an element ch of the bai, from this cause, 
is where p is tho ponmetei of the 

cross section This leads to the equation 



d0_d*0 , 

0 t~ K dx‘ i 1 ’ 

(15) 

where 

RA 

Ii 

(10) 


S denoting the sectional area 
In a stationary stato wo have 


whence 

if 


dz*K> 

0=Arf M *+Bc" WM , 



(17) 

(18) 
(19) 


Thus if the ends ^=0, x~l) bo maintained 
at the constant tempeiatuies 0 O , 0 t respectively, 
we find 


0 __ 0 o R nih m(l—% ) + 0 j sinh m% 
smh ?nl 


( 20 ) 


If the bai is infinitely long we have the simploi 
formula 

0=0 o e~' r>n (21) 

To investigate tho case of a veiy long bar 
whose extremity (x -0) is subject to a given 
peuochc \ anation, we assume m tho first 
instance 

0^0 Q o mt ( 22 ) 


as tho prescribed teumnal tomporatuio 
equation (15) then gives 

_h + %ta a 


Tho 


(23) 


To solve this we mtioduco auxiliary constants 
r and e, such that 

— 7 a ( C > 0H 2e + 1 sm 2e), (2 L) 

that is ? 2 = tan 2e =? (25) 

k lb 

Then, writing for shortness 

a—rcose, /3=rRine, (26) 

we have ~p = (cH-i/J) a 0, (27) 

whence 

0 = {Ae< a + l / 3 ) aj + Be~ < tt e i*t ( 2 8) 

Since 0 is to lomam finite for x—co, wo lmvo 
A=0, and, putting x—0, we find B~0 O , by 
(22) Hence taking tho real part 

0 = 0 o e ~ ar cos (tat — fix), (29) 

corresponding to the prescribed oscillation 
0 O cos cot at x=0 This contains the tliooiy 
of an important expeiimental method 
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HUio simplest case of three dimensional flow 
£ liedt is tliat of symmetry about a point If 
|jm 3 a, function of t 9 the distance fiom the origin, 
ixd t , only, the flux outwards across a sphencal 
Lxxfa,ce of radius ? m time dt is 

-l^4i n*8t 

A spherical stiatum whose inner and 
nh or radu are ? and r-f-S? theiofore gams 
.etvt to the amount 


4:7rl 


8 (-s) 


<5r 


5i<H 


lenco 


iinee the thermal capacity of the stratum is 
ir?*~or . pc , the gam is also expressed by 

4 irpci 2 8r gj St 

* 

/Iioro u — Jcjpc as before The equation may 
Ibo be written 

< 31 > 

In a stationary state d8/dt= 0, and thoieforo 
B (32) 


=A + - 


In the case of a spherical shell of internal and 
xtomal radii a and b respectively, and tempeiatuies 
x and Ort, v c have 

»,.a+! 


ronco 


?1ixir 


B= (01 - 02) ( s fL) 

/ ah \ 0 1 - 
\b-a) r 


= A + 


mcl if Q denote the outward flux pei second, 


a o 

dr 


~k 4ir 




(3 2a) 


xx a sphere which is complete to the centre 
vo must have B=0, the only stationary 
iondition. is then one of uniform temporatme 
Elio second term m (32) would coirespond to 
rlxo o<ise of a steady source of heat at the ccnti e. 

"Wlien a solid spheie has an aibitraiy 
niXiai (symmetrical) distribution of tompora- 
mro, whilst its suiface is maintained at a 
constant temperature (which we may take as 
iero), the procedure is to ascertain the various 
c normal modes ” Assuming that 0 varies 
xs e we have from (31) 


or 2 k 


:0 


(33) 


LXeixce, putting X/& =m 2 , 

rd—A cos mr +B sm mr 


Since 0 must bo finite at the ccnti o, A~G, 
and since it ns to vanish at the suif ice (i = a) 
vo must have sm im = 0, ot ma — S7r, where & 
is intcgial The nounal modes aio theicfoie 
of the typo 



oJ\- 

• Sirr 
sm — •- 

(3 r >> 


1 

a 

wlicie 

x fi - 

s 2 Tr~h. 

(30) 


By superposition of the modes $ = ], 2, 3, 
it is possible to represent the icsult of any 
symmetucal initial distribution The most 
persistent mode is that foi which s =1 

When the sutiace is not maintained at 
constant temperature but ladiatcs into 
sunoundmgs of temperature zeio, the total 
flux outwauls will bo EO 4tt(i 2 The condition 
to be satisliod for r—a is therefore 

-jLgj=E 0 (37) 

Hence, leferrmg to (31), with A =■ 0, and putting 

l=h, (38) 

wo find tan (39) 

This equation determines tho admissiblo 
values of ma Tlio loots arc deteimmcd 
graplucallv by tlio mtcisoctions of the cutvea 


2 / = tan a, ( 40 ) 

It appeals on di awing tho loci tliat if 1ia< 1 
the lowest positive loot lies between 0 and 
^ 7 r, whilst lJ ha ^ 1 it lies between \ir and tt 
The conosponding most ])eisistont normal 
modo is 

0—^e. ~ lcm t sm mi (41) 


In tho caso of symmetiy about an eras, tlio 
consideiation of the flow of beat in and out 
of a cylindrical shell of ladiua ? and thickness 
or leads to the equation 

dO d ( d0\ lA!> \ 

’aril's?) (42) 


The condition ioi stationary tompoialuio is that 
dOjdl should vanish, and honco wo must havo 
r(d0/dr) = constant, oi 

0 = A H- B log i . (43) 

For a solid cylinder wo must havo B=0 unless 
thero is a source of heat at tho axis In the 
caso of a pipe whoso inner and outer radu 
aio r lf u, wo find 

0 _ log (rji)+_0i logjj •/» ,) (4 d . 

log (>M , 

Tho general equation of conduction m throe 
dimensions is obtained by calculating the flow 
of heat m and out of a rectangular element 
of volume 5x8y5z As in the case of linear 


( 34 ) 
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flow the gam of heat m time 8t due to the two 
faces perpendicular to Or is found to be 

— 8yoz 8t 

Adding the gams due to the remaining pairs 
of faces we have 


de 

dt~~ 


(&0 W 0^\ 


(45) 


From this the particular cases (30) and (42) 
might be derived by transformation of co- 
ordinates The expression m brackets is 
often denoted by V 2 0 It gives a sort of 
measure of the extent to which the average 
temperature m the immediate ncighbouihood 
of ( x, y, z) exceeds the temperature at this 
point itself Thus the excess of temperature 
at an adjacent point (x+%, y+y, z + f) is, to 
the second ordci, 




+a gS£ rf+a 5K : 


(46) 


The average values of £ 2 , y 2 , f 2 over a spherical 
region of small radius r having its centre at 
(rt, y, z) are each equal to \r 2 , whilst the 
averages of the remaining functions m (46) 
are zero, since they aie as much negative as 
positive The average excess is accordingly 

V 2 6 \r 2 (47) 

Reversing the sign, the expression -V 2 0 is 
called the “ concentration ” of 0 at the point 
K V, z) 

Tlie condition of stationary temperature is 


V 2 0 = 0 (48) 

Tins is identical m form with the equation 
satisfied hy the gravitational or the electric 
potential m fiee space Consequently many 
of the theoiems of Attractions and Electro- 
statics have their analogues m the present 
subject Foi instance, when the surface of a 
solid of any form is maintained at a uniform 
temperature the temperature (when stationaiy) 
must he uniform throughout the interior 
So far, isotropic substances have been m 
viev r In a oy^tallme structure the flux of 
heat across any surface is not determined 
solely hy the temperature giadient in the 
direction of the normal The natural exten- 
sion of the previous assumption is that the 
fluxes per unit area and per unit time across 
surfaces perpendicular to x, y 9 z respectively 
aie 


/, 00 do do\\ 
u ~~ \ lu fa +lh %i + - h ™Tz) 
(■.do . BO , d0\ 
V^dx* hit dy +k *dx) 

w -~(l ™ + Tc d ± + l *±\ 

3 % + * s: wJ 


(49) 


The usual method leads to 


d& (da , dv , d%v\ 
\Da dy^di) 


d 2 0 , d 2 0 d 2 0 


d 2 0 


or at ~^aP + ' ,i! 0p + '‘ 3 S7 jH 2Xl wi 

+9X y 4.9\ y 
+2 \.di e +2 \idy’ 

where \ 1 = l!hl±h&l olc ott . 

A pc 1 po 9 


(GO) 


(51) 

(52) 


By a special choice of co-oidmato axes this 
equation can be brought to the simpler ionn 


dd_ ,02 0 ,02 0 ,02 0 

di^ Kl dx 2+, ^diP hlK4i d? 


(53) 


The new axes may he called the pnncipal axes 
of conductivity 

If we fuitliei imagine the body tiansfoimed 
by an homogeneous strain, wntmg 


x r _ I (jc_\ 

x~~ V WJ’ 


= A / Cm')’ _ 


(61) 


where k may he chosen ailutiarily, wo got 


dO (d 2 d , d 2 0 , 0 2 0\ 
0/ \0a' 2 0?/ 2 0/V’ 


(55) 


which has the same form as foi an isotropic 
medium Hence icsults obtained on the 
hypothosis of isotropy can he transformed so 
as to be applicable to the more general case 
For instance, the lsothemial smfacc s duo to 
a soui Go of heat at the oiigm are, in the case of 
isotropy, the sx>horos 


x' 2 + 7 / 2-1 z' 2 = const (56) 

In the crystalline case they aro the ellipsoids 

^ v t z a 

7 + ", H- —const (57) 

H /ij Kq 

The corresponding investigation for conduction 
in two dimensions gives the theory of dc 
Senaimont’s classical expoimionts on con 
duction m crystalline plates ir L 


HEAT, CONVECTION OP 

§ (1) Convection Currents —The article on 
“Heat, Conduction of, 54 has been concerned 
mamly with the txansfoioneo of heat through 
bodies the parts of which, oxcoj)t foi possible 
molecular and electronic diffusion, aie at 
rest relative to each other and to then bound- 
ing surfaces Whoro such relative motion 
occurs and is associated with tompoiatuio 
gradients, heat is conveyed hy the moving 
matter and is then said to be transfoned by 
“Convection” Tho phenomenon is piacti 
cally limited to fluids, and it occurs so readily 
m them that, as was shown m the aiticlo 
on “Heat, Conduction of,” the mam difli- 
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culty m measuring tlio conductivity of a gas 
or liquid is the suppression of these internal 
cm rents 

It is usual to distinguish two types of con- 
vection cuiients, namely “natural” and 
“ forced ” The foimer aie essentially gravity 
currents which aie caused by cliff erences m 
density m the body of a fluid due to differences 
in tcmperatuie, as, foi example, those c auscd 
by tho cooling of a hot object when hi ought 
into a still atmosphero The latter aro duo to 
extraneous causes, and they may modify 01 
completely obscure the natural cuuents An 
example of “ forced ” convention is the cooling 
of a hot object by wind or artificial blast 

The subject of convection has long engaged 
the attention of physicists Thus over 200 
years ago Newton piopounded a law 1 to the 
effect that the rate of cooling of a hot body in 
a st i earn of air is proportional to the difference 
m temperature between tho body and the an 
Til© subject is, however, still m a comparatively 
undeveloped stage , nor is this to be wondered 
at when it is realised that the problem of cal- 
culating the heat conveyed by a moving fluid 
involves a combination of the Eouriei equations 
of conduction with those of hydrodynamics 
The simplifying assumptions neeossaiy to 
obtain solutions have, as a geneial rule, 
restricted scnously the usefulness of tho 
results 

§ (2) Forced Convection (r ) St) cam- 
line Flow Boussmesq's Tlieoi y — Forced con- 
vection has been consideied theoretically by a 
numbei of mathematicians One of the most 
important contributions was that of Bous- 
smesq, 2 who was tho hist to treat fully tho 
cooling of a heated body by a stream of fluid 
when the flow is not tui bulont It was assumed 
that the fluid was mviseid and mcompiosBible 
Subject to these and other simplifying assump- 
tions, Boussmesq obtained a generalised solu- 
tion accoidmg to which the heat loss is directly 
proportional to the temper atm e ddfeienco (the 
full solution is lefoned to m subsection (m ) 
below) He 3 also solved a number of special 
cases, such, for example, as stnps and cylinders 
with their long axes at right angles to tho flow 
For the latter the heat loss is found to bo 
proportional to tho temper ature diffoi enco and 
to the squaie root of the velocity multiplied 
by the diameter or breadth Independent 
proofs of several special cases, including those 
just mentioned, are also given by Russell 4 

(n) Verification — There is a considerable 
body of evidence available as bearing on 
BousBinesq’s conclusions Dealing first with 

1 This law is often talcen to apply io natural con- 
vection, thorn? h Newton expressly said that it was 
given for a body not in still air but in a uniform 
cunent of air ” 

2 Comptes Rmdus , 1001, cxxvm 257 

8 Journ de Math , 1905, l 285 

4 Phil Mag , 1910, xx 591 


tho juopoitionality of convection loss and 
tompoiatnio difloiencc, this may be legatdccl 
as a geneial law, of which Newton’s law is a 
special application The lattei deals with the 
total heat loss fiom a body, duo to ladiation as 
well as convection The ladiation loss is well 
known to bo piopoitional to T x 4 - T 0 4 , r l\ 
and T 0 being tho absolute temperatures of 
the body and its sunoundmgs, oi to T x - T„, 
wheie the difloiencc in temper atm c is small, 
foi in tins case T^-T/ is approximately 
equal to 4T 0 ' , (T 1 - T 0 ) Accepting Bouhsi- 
ne&q’s conclusion, it follows at once that the 
total heat loss (by convection and radia- 
tion) will be piopoitional to tho tonrpoiatiuo 
difference when tho difloxenco is small, and 
it will also bo piopoitional foi huge child - 
onces m temper aim o if the wind velocity 
is sufficiently gieat to make the radiation 
loss negligible m comparison with the con- 
vection loss These aie limiting conditions 
which have been shown to apply to Newton’s 
law Mitchell, 5 for example, experimenting 
on the cooling of a ooppor sjdioie 5 cm in 
diametoi, found that at loast within tho 
limits of temperature differences up to 200° 
0 and wind velocities up to ]0GG cm per 
second, Newton’s law held, and that it was 
accurate foi a tomx>eiature difloiencc which 
increases with mcieasmg velocity oi tho air 
cunont Compan, 0 using a sphere 2 cm 
m diametoi, \ cubed tho law up to 300° O , 
while King 7 showed that foi fine wnos the 
convection loss was still very noaily propm - 
tional to tho tompeiaiuie diflcioucc^ oven 
when the lattei was as largo as 1200° 0 
As regards Boussmesq’s other conclusions, 
relating to the effect of velocity and linear 
dimensions, a lefcicneo may bo made to 
oxponinonts on cylmcleis, since those 4 have 
covered tho lango Jiom tho finest whom to 
laigo pipes In geneial, the piomhuo in 
such experiments has boon to measuio tire 
energy input icq lined to kooj) tho body at a 
constant tern pci ature Ii, then, the omission 
coefficient of the surface is known, the heat 
loss by radiation can be calculated and tho 
convection loss dotonnmod by difference 
Tho oaso of wiros has been very Cully in- 
vestigated, notably by Konnolly, 8 Moms, 0 
and King 10 Tho last named, in particular, 
conducted a most exhaustive loseaieh, both 
theoretical and oxpoumental BoussmcHq’s 
approximate solution for tho rate of heat loss 
by convection from a cylinder was 

AoJVd, 

where 0 is tho temperature difference, V tho 

6 Trans JIS Mm , 1001, xl (l), 30, 

* Ann rh> Chwne phys , 1902, xxii J82 
’ Phil Tram R $„ 19M, ci'xiv 378 
8 Tran 9 A IBB , 1909, xxviii 803 
0 Electrician, Oct 4, 1912, p 1059 
»• Loo oit 
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velocity of the stieam, d the diameter of 
the wne, and A is a constant whose value 
is \ ! 32cphjTr Heie c, p and l signify as usual 
the specific heat, density and conductivitv 
King carried the mathematical analysis 
furthei and showed that for values of Vd 
greatei than 0 0187 cm 2 /sec 

h=e(Bjvd+C), 

B and C being constants of value w'2ircpl 
and L respectively He conducted expori 
ments on wires from 0 003 to 0 015 cm , 
u&mg velocities ranging from 17 to 900 cm 
per second and temperature differences fiom 
200° to 1200° C The wares, which were of 
platinum, were fixed at the end of a whirling 
arm and their temperatures weie determined 
by their resistances as measured on a special 
budge Foi full paitieulars as to the various 
corrections, reference should lie made to the 
original paper The above formula was 
confirmed, B and 0* being found to be nearly 
constant and to be m leasonable agiecment 
with the theoretical values 

For larger cylinders the work of Hughes 1 
may be refeired to He experimented on 
cylmdeis of 0 43 to 15 5 cm in diameter and 
■with velocities from 200 to 1500 cm per 
second The cylmdert, were fixed acioss a 
wind tunnel and weie heated internally by 
steam, the amount condensed giving the 
energy dissipated at the surface The wand 
velocity was measured by a Pitot tube The 
expei iments gave 

hccd m Y n , 

value of to being 0 57 and n vaiymg with 
diameter from 0 55 for small diameters to 
nearly 1 0 for large diameters Hughes’s 
results seemed to fall mtei mediate between 
those of King for wires, wheie the convection 
loss depends approximately on \/V, and those 
of Reynolds, 2 Nicholson and others for large 
bodies where the convection loss is propor- 
tional to V 

As bearing on this point it may be men- 
tioned that Compan, using a sphere 2 cm 
m diameter, verified within narrow limits of 
temperature and velocity Boussmesq’s theoiy 
that the heat loss varied a3 W Langmuu, 3 
too, experimenting on a flat surface wnth 
wind velocities up to 410 cm per second, 
gives the convection loss as proportional to 
Mitchell, on the other hand, wuth lus 
spheie of 5 cm diameter, seems to have 
found that the eonvection loss was directly 
proportional to V up to a speed of 750 cm 
per second, when the air motion becomes 
turbulent 

(m ) Principle of Similitude — Th& coriela- 

1 PM Mag , 1916, xxxi 118 

- ^ * Proc Lit Phil Sac Manchester, 1874, xiv 0 
* Trans Amer JElectrochem Soc , 1913, xxm 323 


tion of oxpcnmont.il results obtained under 
widely different experimental conditions i <ui 
bo conveniently considered in the light of 
the principle of similitude In «i shoit but 
highly instructive papoi Rayleigh 1 tins 
indicated the possibilities of applying tins 
pimciple to the pioblems of convection He 
took J3oussmesq’s caso of the hernt loss from 
a hot object at constant tern pci at me, which is 
immersed m an incompressible thud moving 
with velocity V, the fluid being hist sup poser l 
to be nrviscid He postulates that the boat 
loss in unit time will depend on the following 
quantities, the dimensions of wluch aio given 
in brackets 

l the linear dimensions of tho body (hj, 

0 the temper atino difference ((>) 

V the stieam velocity (LT" 1 ) 

C the heat capacity per unit lolunio 
(ML-^T" 2 ©" 1 ) 

1 the conductivity of the time! (MLT“ a t)’' 1 ) 

Assigning arbitrary indices to tho above 
quantities tho heat loss per unit time (ML a T" 5 ) 
may be written 

h-l v 0 w Y a 

whence wo have by mass 1— y | ,* 9 

by length 2 ~ v -I- a. - ij | , 
by time - 3 = — t - 2//- 3 
by temper atuio () w ~y~ „ 

Solving these equations m terms of one of tho 
unknowns (say %), we get 

v = 1 h t, toss 1, n - i -.r 

Hence substituting and collecting indices 


h=w(ff l y. 


Since x is undetermined and % r Vljh of vein 
dimensions, any number of tor ms of Huh 
form may bo combined and all Hint can be 
concluded is that 

where F is an arbitral y function of the one 
variable VC 7/A The above equation agrees 
with Boussmesq’s gencial solution. 

The omission of viscosity from I ho discussion 
is, of course, a seuous depaituie from pirn tieal 
conditions, and Rayleigh piocoodn to eimmdet* 
the effect of introducing a factor p u m Jus 
original equation, v being tho kinomalreal 
viscosity of dimensions (L a T~ 1 ) Proceeding 
exactly as above and solving m teams of « 
and x he gets 

Here x and n aie both undetermined and Hie 


- jxaiwe, hub, xe\ 0(3 , see ah 
feimilauty, Principles of,” §§ (27) (32) 


(t Dynamical 
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(V</ ( 1 1 ip(M t * 1 b> bo 'i constant Foi any paitu ulai 
jj^a 4 (not* 'Pa bio \ , jutnle, “ float, dmtludion 
of”), and not to vmv ijfi o«it l> hum <mo gas to 
nnuduM, ho that foi the name gas, oi uppmu- 
uiahdv ioi a U gases, tlio Muumd toim ot the 
fmutum liiHnitiis a constant, while the Just 
ran bo wiitten \ Ijv oi Yi//f Ioi a i yhudoi oi 
diameter d with its long axis poipendKuUr 
In I bo flow Till Ioi mu la lor thin latter case 
thou beeornes 


* 

If, now, the uilo of Unit loss poi unit length 
is plotted against W, a < oust ant relation 
hhould bo obtained Im all ( ylmdeiH 

Davis 1 has eon -adored 1 lios data, apply mg to 
utiiuus hi/is oi oyiimlm, and tostod them tn 
Dio nho\e m inner Ho took tho conditions 
n| IlughesD c\pcti incuts, nanulv, a cylinder 
i( 100" (' snttnuiided by an at ir> D (I, and lot 
\ aim s of Vtl HOO anti 1000 calculated the 
heal 1 (hs fuj imo wires, using King’s fuiimila 
and constants The results are shown in 
Fuj i, together with Hughes’s values and 



vd — 

Km L 


Home insults obtained by Carpenter 8 foi 
f> < m steam jnpen U will be won that the 
o\t lapulation oi King’s fmmula given xomaik- 
ablc agrt ament with tho curve for larger 
cylmdciH Tho velocities jeqmied to giro the 
v due Vd oi #500 with a thin wire of 0 003 cm 
■would bo too gieat to allow tins extrapolation 
to bn coidlimcd exponmon tally 

(iv ) Tinhulcnt Flow — Veiy little experi- 
mental work has boon done on the heat lose 
duo to turbulent How, except m tho caso of 
pipes, Osbrnno Reynolds, 1 dealing goneially 

i Phil Mag, 1020, xl 002 t 
» Quoted in Turns Amor lihwlrochm hoc, 1013, 

hit Phil Soc, Manchester, 1874, xiv, 9 


with the subject, states that convection m 
this ease in duo to two causes, namelv, natuial 
internal difluHion and the visible eddy motion 
which mixes the Iluid up and continually 
bungs fresh particles into contact with the 
miifaco lie deduces the foimuia 


7- -(Ah B/jV)0, 


A and B being constants and V and p the 
vilouty and density of the thud A is small 
no that h is approximately piopoilional to V 
Stanton 4 has veufied Reynolds’ theory 
oxpei iment ally and finds that h vanes as V n 
wheio n is n httle less than unity 

Tho effect of tho change horn stieam line 
motion to tuibulence on convection loss docs 
not seem to have been investigated Russell 5 
has obtained theoretically an approximate 
ioimula ioi stieam line motion m a pipe, 
aecmdmg to wlneh the convection loss vanes 
as VV The critical velocity at which eddy 
motion occurs has been shown bv Coker and 
dement 0 to vary dnoctly as the viscosity 
and mveiaely as the diametei It is useful to 
note that ilieso vai tables are associated in 
the same way (i e Vd/v) m Rayleigh’s 
similitude formula 

t* (3) ( Inclusions on Forcfd Convfction 
— (i ) The heat loss by foicecl convection 
from a hot surface is piopoilional to the 
temper atui e difference between the surface 
and the ambient fluid This has been shown 
by BouHHinosq fiom hydiodvnamical reasoning, 
by Rayleigh ftom the principle of snnihtude, 
and it ih eonfnmed by a considerable mass of 
experimental cviclcnee 

(n ) Foi si ream lino flow the beat loss is a 
function of tho product of velocity and linear 
dimensions Tins lia n been shown iheoictic 
ally by BouHsmcsq and Rayleigh 

The woik of King on fine wires makes ilie 
heat loss proportional to (\fVd + constant) 
Tho results on larger evlmdeis, spheres, and 
flat surfaces aio conflicting, some observers 
finding that the lieat loss vanes as x/V and 
others that it vanes as V 

(in ) For tmbulent flow in pipes the boat 
loss is piopoilional to the velocity 

(i) Natural Convfotion (i ) Faoly Re - 
suits — The gravity cm rents set up m a fluid 
m the proximity of a hoi object have been 
investigated both theoretically and experi- 
mentally The first work of importance was 
that of D along and Petit, to whom are clue 
an elaboiato senes of expenments on the 
cooling of hot bodies Their researches, 
published m 1817, 7 are practically confined to 
tho heat loss ftom thermometer bulbs sur- 
rounded by constant temperature enclosures 


4 Phi Trans R S , 1897, cxr 07 

6 Phil Mag , 1910, xx 591 

« Ail Trans RS, 1903, cri 45 

7 Ann do Chwi ot Phys , 1837, vn 
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By exhausting the enclosure and observing the 
iate of cooling of the bulb the heat loss due to 
radiation was determined Experiments were 
made with the same bulb and enclosuie when 
the latter was filled with gas at varying 
pressures As a result the following empmcal 
formula was deduced for the convection loss 

h=mp 0 45 6 1 233 , 

where m is a constant depending on the shape 
and position of the body,p the gaseous pressme, 
and Q the temperatuie difference 

The work of Dulong and Petit was sup- 
plemented by that of Peclet 1 on the value of 
m for bodies of simple geometrical shape He 
measured the rate of coohng of hollow metal 
cylmders, spheres, and pnsms filled with 
water He used bodies ranging from 5 to 
30 cm m diameter and 5 to 50 cm m length 
Great care was taken by means of elaboiate 
stirnng devices to keep a uniform temperature 
inside the vessels, and they were placed inside 
a large watei -jacketed cylinder about 80 cm 
m diameter and 100 cm high 

According to Pcclct the heat loss by convec- 
tion is not proportional to the area of the 
surface but increases more slowly for bodies of 
fairly large size Thus foi spheres he makes 
the heat loss proportional to (1 778 + 0 13/?) 
and for honzontal cylmders (2 058+0 038/?), 
where r is the radius m metres Formulae 
are also given for vertical cylmders and vertical 
walls, the latter being of the form a + b/ H 
(u ) Lorenzs Thmy — After Peclet, the 
heat loss from a vertical surface fieely exposed 
to air was investigated mathematically by 
Lorenz 2 He made a number of assumptions 
regarding the upward air streams m the 
vicinity of the plate Thus the temperatuie 
of the air on crossing the horizontal plane 
through the lower edge of the plate is supposed 
to be that of the air at an infinite distance 
it is assumed that the air moves from the 
bottom to the top of the plate at a constant 
speed and that honzontal currents, which 
might be due to expansion, are negligible 
On this basis Loienz arrives at the formula 

*= oi3 MS)*’ 

where K is the height of the plate, 0 the 
temperature difference between the plate and 
the air, the latter bemg at a temperatuie T, 
and c, p, l , 7} are respectively the specific 
heat, density, conductivity, and viscosity of 
air, and g the gravitational constant h, the 
heat loss, is expressed m cals per sq cm per 
second It wall be observed that the exponent 
of 9, namely 1 25, agrees closely with the 
1233 found by Dulong and Petit The 
formula gives the heat loss as varying with 

1 Traitd dp la rhahvr, I860, trans by Pauldma 
Van Nostrand Go , 1904 U JJ! = 

- Ann der JPhys , 1881, xm 582 


height m the latio l/fl* (foi a fuilhoi dis- 
cussion of “ height eltoi t. ” see ^ ( 1) (v ) b< low) 
(m) Vcujitnl'on — As beaiing on Lmen/’s 
foimula, the expei iments of Langmuir J on 
a veitical disc of diametet 11)1 tin may lie 
refened to The disc was heated by a 
icsistoi element m contact w'th Hie back 
suiface and ivas embedded m a cyhndei ol 
largei diameter, consisting ol moulding 
material, the exposed suifaee ol the dnu bemg 
flush with the insulation The tom pit at mo 
of the disc was dotei mined by a thermo- 
couplo, and the watts leqmiod to mum (am 
it at a constant tempciatuio wuo measured 
In oidei to leduoe the ladiation to a minimum 
the suiface was of highly polished silver, the 
emission coefficient of which, calculated fiom 
Hagen and BuberTs foimula, vaued hum 
about I 7 pei cent at 50° (1 to 3 5 pei tent at 
600° C of that of a bla< k body By tins 
means the radiation collection, even at t>00° 0 , 
was kept as low as 20 pci cent The oonvet turn 
loss was found to fit a foimula 

7t=0 0000 [()(>(/<, 

so that, as rcgaids (he dependence of heat 
loss on tempeiatmo diflotouoc, Loien/s deduc- 
tion wab confirmed The numencal constant 
given by his foimula, taking 11 the average 
height of the disc to be 15 cm , was 0 0000 1K5 
►Seeing that Loienz’s assumptions only applied 
for small tempciatuio tidier eiues anil Unit lio 
took no account of the tempeiaime vauatimia 
of conductivity, viscosity, and density, it is 
suipnsmg that Ins foimula holds so well up 
to 600° 0 

Langmuir also investigated tho effect of 
onontation of a flat suthuo, using the silvernl 
disc above Tofoned to, and found that the heat 
loss from a flat surfaeo with fact upwards was 
slightly greater than horn the vetlnal suiface, 
while tho latter was consideiably gtcalei than 
that for a honzontal suiface with lain down- 
waids Tho results aio shown graphically 
m Fig 2 Apparently m all tlnee cases the 
heat loss varied as (A 

Some expci iments have also been made at 
the National Physical Laboratory 1 on Inige 
vertical plates lOxponmonting, fust/, with a 
plate fieely exposed to the atmospheie, the 
convection loss was found to be 0 00001750* 
calories pei sq cm per second, which agrees 
approximately with Langmuir’s value' The 
plato used wuis of polished aluminium, 120 
cm square, and the tempeiatmo difference 
vaned up to 100° O 

The convection transfer auoss en< losed 
spaces between vertical plates was also in- 
vestigated It was found that, for an spaces 
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ot 1 2 cm and ovoi, the tian&fci was inde- 
pendent of the thickness and varied as 
0 00002940 F Here 0 is the temperature 
difference between the hot and cold plates, 
and since the temperature of the enclosed an 
is intermediate between that of the plates it 



Fig* 2 

would be expected that the coefficient would 
be lowei than that for the plate m the open 
atmosphere — m fact, of the ordei of one-half 
The subdivision of the enclosed space by a 
horizontal partition into two equal spaces was 



Temperature difference 6 between plates (lower ourue) 

,, plate and air (upper ourue) 

Fig 3 

found not to effect appieciably the heat loss 
per unit aiea 

The results of the experiments are illustrated 
in Fig 3 

(iv ) Langmuir's Experiments and Theory — 
So far all the experimental work quoted 
has tended to confirm the 6% law closely up to 
temperatures of 600° or 700° 0 Langmuir, 1 
however, extending the work of Ayrton and 

1 Phys Rev , 1912, xxmv 401 


Kilgoui on lino platinum wnes noaily to the 
moltmg-pomt ol plaiiuuni, found a consider 
able increase in the exponent ot 0 lie used 
wires langmg m dianutci from 0 001 to 
0 050 cm The wit os gave lathoi abuonnal 
coefficients foi Callotidai’s lounula, con- 
necting tempoiatuie and resistance, namely 
0 0035 foi cl and 1 72 foi o , us against 0 0039 
and 1 50 foi the purest platinum The 
tempeiatures of the wnes were calculated liom 
the resistance, usaig the paiabolu formula 
to 1100° C anti Xiom 1100° to the melting- 
point a hneai formula It was csitmalcd that 
the temueratuics were obtained within 20° at 
1000° if and some 50° at 1750° 0 The length 
of wne used was about 50 cm , and a measure- 
ment of the cui i cut and of the volt diop, on 
tho length of the who unafiectocl by end cooling 
effects, served to give both the energy supplied 
to, and the resistance of, the length m question 
Foi the radiation collection the figures of 
Lummei and Kuilbaum as to the cmissmt^ 
of xilatmum at vanous temper atuics v r eic 
used Fox tho smallest who of 001 cm 
diameter the loss by ladiation at 1030° G 
was only 8 pet cent of the total loss, while 
for the largest wne, 05 cm , it amounted to 
38 pei cent Langmun found that foi an the 
exponent of 0 nx the Dulong and Petit formula 
increased from 1 24 to 1 53 at 1430° 0, and 
similai increases wore found for mtiogcn, 
carbon dioxide, and hydrogen As a result of 
tho experimental woik on wnes and flat discs 
Langmuir has put foiwaid lus 4 him thcoiy, 5 
which seeks to explain m a simple hut compie- 
hensivo way tho phenomena of convection 
He points out that, according to the kinetic 
theoiy, the viscosity of a gas mu oases with 
tho square loot of the absolute tompeiatuie, 
and that tho theimal conductivity also 
increases rapidly with tompeiatuie, while the 
driving force of the convection currents, which 
is proportional to tho difloienco m density 
between the hot and cold gas, only mei oases 
slowly with tempo] aturc lie ox] nesses tho 
opinion that thoio is a stationaiy film of gas 
of dehmto thickness m contact with any hot 
object at high temperatuie, and that free 
convection consists essentially of cond tie lion 
thiough this film and can be calculated from 
the oidinary laws of conduction Taking 
first tho case of a flat surface, the rate of heat 
loss per sq cm through the film of thickness 
3 would be given by 

Hi WT 

k is not a constant for tho big ranges of 
temperature m question, and m order to 
evaluate the mtegial it is necessary to express 
h as a function of T This is done by using 
Sutherland’s foimula for change of viscosity 
with temperature as combined with the 
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i elation between viscosity, specific heat, and 
conductivity (see § (10) (m ) of aiticle, “Heat, 
Conduction of”) By this means the values of 
rT, 

/ IdT were calculated for a series of tem- 
peratures The value of B can then be ob- 
tained from the experiments on the piano 
surface Knowing the rate at which the 
surface is losing heat by conductivity through 
the him, it w as found that B w as independent 
of temperature and has a value about 0 45 cm 
In the case of wues the thickness of the film 
depends on the diametei of the ware Making 
the assumption that not only the temperatuie 
but the temperatuie giachent at the outside 
of the him is the same m all cases, it can be 
shown that the diametei b of the him round 
a wire of diametei a is related to B, the 
thickness of the film foi a fiat sniface, by 

b log^=2B 

Langmuir’s observations seem to indicate that 
b for any particular wne is independent of 
tempeiature, and the mean of all his observa- 
tions on wues gave B = 0 43 cm The agree- 
ment between the value of B as deduced from 
experiments on a flat plate and on wires of 
various diameters is remarkable, and as yet 
no satisfactory explanation is forthcoming 
It should be pointed out, howevei, that the 
whole theory built up by Langmuir is based 
on certain deductions as to the change of 
conductivity of the gas up to high temperatures 
on which no direct experimental evidence is 
yet available Further, the use of a hot wue 
anemometer indicates the existence of very 
appreciable air streams within a distance of 
45 cm from a plane surface, so that the theory 
cannot, at anv rate, be accepted as a literal 
interpretation of the phenomena of convection 
(v ) Principle of Similitude — As in the case 
of forced convection the principle of Similitude 
finds a suggestive application to natural 
convection haidson 1 and Davis 2 have 
recently shown how to apply the Kayleigh 
method to this case Taking a set of variables 
similar to that adopted by Boussmesq m lus 
hydpodynamical treatment of natural convec- 
tion we get 

£ = /0£f(-™) 

Here lk f I, 0, l, and C have the same significance 
as m § (2) (m ) above , A depends on the 
acceleration of the convection curient, and 
is clearly proportional to g(Sp/p) where 5p is 
the change m density due to unit change of 
tempeiature, p being the density of the gas 
The dimensions of A are LT' 2 #- 1 
The expression given above is equivalent to 


1 F7ll/S Soe » May 1920 

Phil Mag , 1920, xl 692 


that deduced by Boussmesq It 1 ikes no 
account, howevei, of tho \iscosity id the g is, 
but tins can be done' m piet tselv the same 
way as that gi\en fm Ion ed < <>u\ c < f mu Tim 
icsult is, as bofoio, tho intiodm I mu imclu 
the functional symbol of uiofhei \.miJ>le 
CV/Z, which, foi the hamo gas and foi mode tale 
temper itme langos, is a const aid, uid does 
not theiefoie altei the equation gi\< n above' 

It is piobable that the bum of the hint turn 
is fai fiom simple, but, bom the expenmental 
tvidonco available*, certain (‘one fusions < m be 
diawn Foi example, taking the \ tiwlion of 
heat loss with tompi ratine, a wide t urge of 
expenments lias shown that if, vuikm ai 0 n , 
wlicio the value of v is about 1 25 Thus Du- 
long and Petit, IV t let, ('mu pan give the value' 
as 1 23 , Langmun and the Nation il Physical 
Laboiatoiy find 1 25, while Linen/ on theo- 
retical grounds amves at a value' 1 25 
If tho tempeiattue and hi/o of (he object 
alone aie variable, as would be (ho ease' m 
an undei atmospheno conditions, (hen, sumo 
C, A, and L remain constant, the equation 
become s 

h=*IOty(0V), 

and since the index of 0 is wo ha\o 
and 

hozOt.fl 

Ilenco m genoral 


hcz .() 1 a»p ve/ r,(j tr, 

It is mtciestmg to eoiisidc'r tho beaung 
of this oxpi cssion on tho ease of \eitieal 
suifacos of dificiont hc'tghts Tho heat loss 
por unit aica is given by 


This agrees with Loiony/s solution (non ( I) (n ) 
above) Actually tho vaunt urn seems to be 
e\on less, as was shown by some recent ex- 
penmen ts by OniliLhs { ‘at the National 
Physical Laboiatoiy Ho took a wall H ft high, 
and divided it lmmontally into twoufvfno 
separato elements, which woio nmmtumed at 
the same temper atmo by independent ly hi' bled 
coils Tho hc'at dissipation fiom each eloiueut 
was detoi mined and gave the Jesuit shown m 
Pig 4 

It will be observed that tho heat loss per 
unit area cloci eases rapidly to a minimum 
value (at about 50 oi 00 om fiom the bottom), 
then increases slightly and roaches a steady 
value That tho lower elements swept by 
colder air should lose more heat is to bo 
expected, but that there should be a minimum 
is somewhat surprising The only plausible 
explanation appears to be that stieam-lme 

fcionBoa?^ 011 " lIcat Pood Jim stigm 
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motion of the an persists up to a coitam 
height, "beyond which turbulence sots m A 
further senes of expenments at the National 
Physical Laboiatoiy 1 on vottical cylinders, 
varying fiom 4 5 to 263 cm m height, 
showed the heat loss per unit aiea to be 



Fig 4 


practically independent of the height above 
a limit of about 50 cm It was found, too, 
the value of n m the formula h^Q n had a mean 
of about 1 25, but that it showed a tendency 
to mcrease with height — as appeals m the 
following table 


Height of 
Cylinder 
m cm 

Value of n 

Height of 
Cylinder 
in cm 

Value of n 

4 6 

123 

58 

125 

8 

1 17 

88 

1 28 

15 

1 18 

176 

1 30 

29 

125 

263 

1 34 


The value of n for the largest cylindei is 
nearly | It is interesting to note that, 
from considerations of Similitude, the index 
\ means that the heat loss per unit area is 
independent of the height, and, as stated 
above, experiment has shown this to be the 
case 

The law of variation of convection loss with 

1 Report on “ Heat Transmission,” Food Invcstiga 
tion Board 


piessuie of a gas can also be deduced fiom 
pimeipio of Similitude pumded that the 
vanation of boat, loss with tempeiature is 
known Thus if the value of n is taken as 
±, we got 

hcc6 l 2ii C 5 , 

and since C, the heat capacity poi unit volume, 
is piopoitional to the density and thoiefoio to 
the piessuie, wo have 

hc-p 6 

This is in fan agi cement with Dulong and 
Petit’s ovpoi imental value of 0 45 for the 
index, while if then value of n is taken (1 23) 
the agreement is even closei, giving an index 
of 0 47 instead of 0 5 

The above examples soivo to indicate the 
use which may he made of the principle of 
Similitude m tho tioatment of the pioblems 
of natuial convection 

§ (5) Conclusions on Natural Convec- 
tion — (i ) The beat loss fiom a hot sui face is 
appioximalcly piopoitional to 6 ^ whoio 0 is 
the tompotatuie dilfeience between tho sur- 
face and the ambient fluid 

This law reptesents with fan accuracy the 
lesults obtained experimentally foi dilfoient 
shapes of suiface and for values of 0 up to 
600° 0, and it is m accoi dance with the 
mathematical solution given by Loiciw for a 
veitical suiface For voiy largo sui faces tho 
index shows a tendency to mcicaso 

(n ) The heat loss has been shown expen- 
mentally to vary asp 45 where p is tho pi cssuie 
of the gas 

Neithoi this law nor the preceding one can 
be deduced geneially by hydiodynamioal 
reasoning or fiom tho principle of Rmnhtudo, 
but they are mutually consistent with the 
solutions obtained on thqse linos 

(m ) Peclet has obtained empirical foimulao 
foi the effect of shape and size on tho heat 
loss For any body of lineal dimensions over 
about 40 cm the scale offect is unimportant, 
% e tho rate oi boat loss per unit area is 
approximately the same, being about 0 000045 
Ol cals per sq cm per sec r n s 

HEAT, MECHANICAL EQUIVALENT OF 

§ (1) Historical — The principle of tho 
Conservation of Enorgy states that m all its 
forms energy lomaitis a constant quantity, 
however many transformations it undergoes 
In other woids, if enorgy is made to pass from 
any condition such as that of matter m motion 
into any other condition such as molecular or 
electrical energy, tho numerical value of the 
lesultmg effect depends simply on the quantity 
of eneigy so tiansformed, not on tho method 
of ttansformaiion, the materials, time, or any 
external conditions 
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The demonstration of the truth of this 
principle by experimental evidence has engaged 
the attention of many mvestigators dui mg the 
past eighty yeais, but the foundations of out 
belief may be said to have been laid by Newton 
when he enunciated his third law, “ Action and 
reaction are equal and opposite ” 

Piofessor Tait 1 has pointed out that it is a 
matter for regret that Newton’s own explana- 
tion of the terms action and leaction have been 
so little considered and discussed by succeeding 
generations There are two entirely distinct 
senses m which these words may be used 
Action m the one sense is a force only, and to 
this interpretation attention is and has been 
almost universally directed 

Newton’s second interpretation of his third 
law is of gieat importance It is as follows 
“ If the activity of an agent be measured 
by the product of the force into its velocity 
and if similarly the counter activity of the 
resistance be measured by the velocities of 
its several parts, whether these arise fiom 
friction, adhesion, weight, or acceleration, 
etc , then activity and counter activity m all 
combmations of machines will be equal and 
opposite ” 

It should be noted that by the velocity 
Newton meant the component velocity m 
the direction of the force This mterpretation 
tells us that the kinetic energy of a system 
is mcreased by an amount equal to the work 
done m producing motion where the only 
resistance is that due to acceleration Where 
the work is done against friction, howevez, 
the visible energy of the system suffers decrease 
The principle of the conservation of eneigy, 
therefore, could not be regarded as established 
unless it could be shown that the visible 
energy thus apparently destroyed is piopor- 
tional to the heat developed against friction 
The idea that heat is a form of motion and 
therefore of energy is no modem contrivance 
Before the time of Newton, Lord Bacon 2 
stated that “ the only conclusion that he 
could diaw from the whole of his facts is a 
very general one, viz that heat is motion ” 

He based this conclusion on a consideration 
of several means by which heat is produced 
or made to appear m bodies as the percussion 
of iron, the friction of solid bodies, the collision 
of flint and steel, etc “ In all these examples 
heat is produced, or made to appear suddenly, 
m bodies which have not received it m the 
usual way of communication from others, 
and ihe only cause of its production is a 
mechanical force or impulse or mechanical 
violence ” 

Until the beginning of the nineteenth 
century, however, this pregnant suggestion 
of Bacon’s appears to have attracted little 

1 Recent Advances in Physical Science, pp 32 31 
3 Black’s Lectures on Chemistry , i 31-32 


f 

oi no attention Natunil philosopher wwo 
ictaided m then pioguss by thui belief in 
the theoiy of c alone The existence of an lm- 
pondoiablc, mclcstiuc tiblo fluid teimed < alone 
was piactically assumed in all discussions oil 
natural phenomena 

Count Rumloid was the fust to question 
publicly the populai caloric theoiy, when ill 
1798 ho gave <in account oi his evpei nnents. 
He placocl a hollow gun metal c ylmdei beneath 
a blunt steel boioi and obseivod that aftei 
the cyhndoi had made about a thousand 
levolutions its tompciatiuo bad lison hum 
GO 0 to 130° If , while the scaly mallei abt tided 
by the faction weighed only 837 gin ms tiny 
“Is it possible,” he wales, “that such a 
quantity of heat as would have mused 5 lbs 
of ice cold watoi to boil could have been 
furnished by so mconsideiablo a quantity 
of motallie dust inoioly in eonsoqueiu o of a 
chango m its capac ity lm heal l ” * 

The Calonsts, howovei, we o not convmml 
Even when Rumloid piovecl that the capacity 
for heat of the solid was the same as that of 
the dust, they said that, although the beat 
icqunod to chango the tompoiatuie of equal 
masses was the same, yet the solid metal 
contained a gioatoi quantity of boat than the 
dust 

Rumfoid answeiod that if the heat woio 
rubbed out of the material, a time must enmo 
when all its heat would bo exhausted, whoioan 
thero was no evidence that siuli was the case 
lie also proceeded with Jhittho? ovponmcnts m 
which the metal was immeised m water, arid if 
wo work out the results of those oxpeiiments 
wo And that 9*10 foot pounds of wmk would 
raise one pound of watoi tluough L f ’ E II is 
final argument was as follows 

“ In reasoning on tins subject we must, not foigel to 
consider that most lenmikablo eueumstanee, that 
the source of heal generated by Indian m these 
oxpenmonts appeared evidently to be ntt \ haushbU 

“It is hardly necessary to add, that anything which 
any insulated body, oi system of bodies, enn continue 
to furnish without limitation cannot possibly he a 
•material substance It appears to mo to lm extremely 
difficult, if not quite impossible, to foim any rimlmi t 
idea of anything capable of hem# excited and com- 
municated m the manner m which (ho henl was 
excited and oommumoated m these experiments, 
except it ho motion ” Tie adds, “ l am v< ty fni fi om 
protondmg to know how or by what menus or 
mechanical contrivance that particular turn l of 
motion m bodies which has boon supposut to con- 
stitute heat is excited, continued, and propagated M 

Rumford’s work was of the highest value* 
As Professor Tait remarks, it was throughout 
free from that a pnon stylo of uwiomng 
which had hitherto boon so fatal to Liu* 
progress of natural science, Had Rum ford 
shown that the boat developed by the solution 
a Bumf old’s Complete Works, i 478, 
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of a powdoi m. acid was equal to that de- | 
vrlojx'd by t he solution of the same mass of the 
solid, he i mild have claimed the sole ciedit of 
having established the dock me of the non- 
mateuahty of heat 1 

Almost immediately aftei the publication 
of Rumf oid’s } iapei, Su Humphry Davy 
pioved expei imentally that two pieces of ice 
may bo melted by rubbing them together, 
and thus he guvo conclusive pi oof (although 
theio is evidence that he himself ah the time 
did not poiteivo it) that heat is not a form of 
mattei, and thciefoio his experiments are 
lustoueally oi tlio lust importance In a 
second senes <>1 experiments he so contrived 
that the 1 action between the lumps of ice 
took place m tiro exhausted looeiver of an 
au -pump He says 

From (his oxponmont it is evict mt that ico by 
fix turn is coimited mto watei, and according to the 
supposition ils capacity is diminished , but it is a 
well known f lot tlmt the capacity of water for heat is 
much guatci Ilian that of ico, and ice must have 
an absolute quantity of heat added to it before it 
can be eon veiled ml o water Friction, consequently, 
docs not dimmish the capacities of bodies foi heat 

It was not, however, till 1812 that he 
onun< rated this pi operation “ The immediate 
cause' of the phenomenon of heat then is 
motion, and the laws of its commumca 
lion axe precisely tho same as tlie laws of 
the communication of motion ” 2 , and, on 
lellection, it seems extiaoidmaiy that the 
publication of the woiks of Rumford and 
Davy pioducod so little elloot, ancl that their 
conclusions should have been regarded merely 
as ingenious hypotheses until the time of 
Joule 

It would bo impossible m any historical 
mimmaty, however bnof, to omit the name of 
Di Julius Mayor (1842), as he was the first 
to employ tho phrase, the merfiamcal equivalent 
of heat , and thus enunciate in a distinct form 
tlie law of the Conservation of Energy * 

It is doubtful, however, iJ Mayei has deserved all 
the < icdit which was m consequent o at one time 
assigned to lum The data on wlmh his conclusions 
\uie bases l who not suflicicnt, wink certain of Ins 
aHSumptioiiH were undoubtedly erroneous Mayer 
denud on mom than one occasion that heat depends 
on motion, and yet he lias been called by some 
“(ho diHCoveior of the modern theory of heat” 
No voi thole ss, he as it happens, rendered a seivico 
to tho cause of science by distinctly, although 
perhaps over boldly, enunciating a theorem of the 
1 ugliest impni tanoo In this case no evil conse 
quenees resulted from the premature publication, 
for tho work of Joule and of Coldrng (already partially 
accomplished) afforded satisfactory and complete 
experimental evidence of tho truth of tlie proposition 
advanced by Mayer 4 

1 Itercnt Advances % n Physical Science, p 42 

a fflemevU of Chemical Philosophy, 1812, pp 94 95 

1 Ann Oh Pharm xlii 233 

4 8e l Phil Mag , 1864, li 161 


^ (2) Joulf’s Work — The position at the 
time of the advent of Joule may be sum- 
mansed as follows 


Although not generally apprehended, the 
principle of the Conservation of Energy had, 
m its mam features, been enunciated by 
Newton Rumford and Davy had demon- 
stiated that heat is not mattei , but their 
conclusion was not geneially accepted The 
school of Calonsts still existed, and although 
the general principle of Conservation of 
Energy had been enunciated by Mayer, Ins 
data were so scanty, and often erroneous, 
that his conclusions earned but little convic- 
tion to men of science What the situation 
demanded was rigorous experimental proof 
that apparent disappearance of eneigy, when 
work was done against friction, w r as invariably 
accompanied by the generation of a propor- 
tional amount of heat, and that this quantity 
of heat was independent of the manner m 
which the work was done, or the nature of 
the materials employed Hence the singular 
importance of Joule’s experiments 

The actual numerical values obtained by 
him are, we now know, somewhat maccurate, 
but, at the same time, marvellously neai the 
truth when wo consider the conditions under 
which he worked, and more especially the un 
satisfactory state of thermometry m his time 
It is not so much the accuracy as the vanety 
of the evidence supplied by Joule which claims 
our admiration He did not content himself 
with the examination of some single case of 
transformation of energy He mvestigated 
the heat caused by the friction between 
solids, and also that developed m overcoming 
fluid resistance, not only m the case of one 
fluid but of different fluids 

Again, the manner of doing work was varied 
from the descent of weights to that performed 
by an electric current m overcoming resistance 
§ (3) Experimental Methods Criticism 
— Tables I and II give the results of the 
chief determinations from 1842 to 1920 of the 
Mechanical Equivalent , % e the number of units 
of watts required to raise 1 giamme of water 
1° C 


The values are all given m kilogramme 
metres and therefore no exact comparison is 
possible unless the value of g is known at each 
place where the observations were conducted 
If the English ones are multiplied by 
981 24 x 10 2 and the French by 980 94 x 10 2 , 
the result will give the value m ergs with 
a sufficiently close approximation for the 
purposes of a rough comparison, for it must 
be lemembered that the temperature scales 
differ considerably, as also the mean tempera- 
ture of the range mvestigated 6 


8 Since the heat required to raise 1 gramme of 
water 1° 0 depends somewhat on the temperature of 
the water, this must be specified before any exact 
comparison can be made (see § (7)) 
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Table I 

Direct Mi tiiods * 


Date 

Obseiver 

Method 

Result 

1843 

Joule 

Friction of w atei m tubes 

Ivllotfi iin ini imihtH 
12 1 6 

,, 


Electromagnetic currents 

160 

1845 

” 

Deciease of heat pioduced bv a pile when tin 
cuirent docs uoik 

Compression of air 

4 12 2 
in 8 

„ 

M 

Expansion of air 

4 17 8 

,, 

„ 

Friction of water in a ealoiimeler 

488 ‘1 

1S47 

» 


428 f ) 

1850 

„ 


12,1 9 

„ 

„ 

Fnct'on of moienry in a raloriinctei 

121 7 

„ 

„ 

Friction of non plxtes in i calounieter 

425 a 

1857 

Fav re 

Decieiso of boil produced by a pile doing wmk 

121 Mi! 

,, 

Him 

Friction of metals 

37 1 6 

1S58 

„ 


400 150 

„ 

Favre 

Friction of metals m meicmy ealorunotei 

4112 

,, 

Him 

Boring of met ils 

425 

1860-G1 

„ 

Watei m friction balance 

411 

„ 

„ 

Escape of liquids undti high piosHUic 

4,12, 132 

» 

„ 

Hammeiing lead 

425 

» 

» 

Friction of water m two cylinders 

4 12 

„ 

„ 

Expansion of an 

410 

„ 

„ 

Steam engines 

420 432 

1865 

Ecllund 

Expansion and contraction of metals 

428 1, 11,1 0 

1870 

Violle 

Heating of a disc between the poles of a magnet 

435 

1875 

Puluj 

Friction of metals 

425 2, 12(5 (» 

1878 

Toule 

Fuction of watei 

4 k M { ) 

1878 

Rowland 

Faction of water betwocn 5° and 36° 

420 8, 125 8 

1801 

D’Aisonval 

Heating of a cylinder in a magnetic held 

421-427 

1S92 

Miculescu 

Friction of water 

420 81 

1897 

Reynolds and \ 
Moorby J 

Friction of water, mean capacity 0° to 100° 

420 27 


Tiblf II 

Indirect Methods 


Date 

Ob&ervei 

Method 

1842 

Mav er 

By the lelaticm of J”P 0 V 0 a/fy — c v fot gases 

1857 

Quintus Icihus 

Heat developed in a who of known lesistaneo 


Webei 

Heat due to electric currents 

” 

F i\ re ) 

Silbeiman / 

Heat developed by /me on sulphate of copper 

1859 

Bosseh \ 

Measme of E M F of a Daniel? h cell 

Joule 

Heat devr loped in a Dameli’s i ell 

» 

Bosscha 

E M F of a Daniel? s coll 

1867 

Len/ Weber 
Joule 

Heat developed m who of known resistance 

1878 

Weber 

” ” *> ” 

1888 

Perot 

By the relation 'L^r(v,-v l )(dpldl) 

1889 

Dieterioi 

Heat of electric cunonts 

1893 

1894 

Grithths 
Schuster and ^ 
Gannon j 

Callendar and) 
Barnes J 

1899 

Electric euiront, E and 0 being known 

>» 3» „ „ 


Result 

MltiKuunmn jiiiS it st 

a<»r> 

:m 7 

432 i 

i«i2 i 

432 1 

4 lu r> 

4 JJ >5 

3$)(i 4, 478 2 

i at) r> 

428 J r> 

424 tu 
442 n 
427 45 

427 19 

428 52 


mA ’ L ; l { ^ A ntor y tieat, with the e\c eption of experiments oomnlet oil Hint n i mou 

Tables I and rHh^ctnratt 1!rsnmSJfg“ven bTSior A r ik ?, f 'V™™ V lw,Uoni '' 1 '« 

International de Physique , Pans, 1900:, tome I Y eiYen lro&ssor Ames m tUo Rapports prisentfa a a Cony n't 
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The mean of the values given m Table I 
=-429 1 

The mean of the values given m Table II 
= 423 15 

Mean of all = 427 16 

The extieme values aie 368 and 488 lulo- 
gtamme metres 

It is evident that no certain conclusion can 
be drawn from values differing to so great 
an extent The only safe piocoduie is that 
of selection In making such a selection wo 
should bo guided by the answei to the following 
questions 

(n) Are the temperature deteimmations 
sufficiently accurate ? The answei will lead 
to wholesale rejection, especially m the earlier 
expei nnents 

The difficulty and impol tanco of temperature 
measurements were not sufficiently appreciated 
until within very recent times, and, unfortun- 
ately, an error m thermometry is, as a rule, 
a fatal one , for each thermometer has its 
own peculiarities and special causes of enor, 
thus, no later increase in knowledge enables 
us to coirect results unless the actual theimo- 
meteis have been pieseived and the condi- 
tions undei which they weie used fully iccoided 

Fortunately m two of the most important 
cases (viz Joule’s and Rowland’s) the thenno- 
meteis actually used have been preserved 

In the formei, howevei, our information is 
not complete, for we are not sufficiently 
acquainted with the exact conditions under 
which their readings were observed by Joule 
In the latter, a ^standardisation has been 
accomplished under Rowland’s own direction, 
and thus the corrections can lioio be applied 
with far greater certainty In both cases, as 
will he shown later, the results as ongmally 
published have, m consequence, undergone 
modifications which from our modem stand- 
point are considerable 

(b) Has the author given us sufficient data 
to enable us to judge the probable accuracy 
of all the various measurements involved by 
his method of experiment ? 

In this respect, also, the earlier determina- 
tions are at a disadvantage as compared with 
the later ones, for the mipoi tanco of full 
information concerning the details of physical 
measurement has only been generally recog- 
nised m recent times 

(c) Are we ceitam that the energy of the 
bodies under observation has undergone no 
modification during the experiment m con- 
sequence of molecular changes ? 

If we could accurately determine both the 
kinetic energy expended m hammering a nail 
and also the heat developed, it is not certain 
that the resulting value of the constant would 
bo correct , for the condition as regards 
density, strain, etc , of the nail (and possibly 
of the hammer-head) might have undergone 
vol x 


alteration and, m consequence of new moleculai 
conditions, have gained, or lost, m energy 

Now, wo know that no peimanent shearing 
stiam can exist m a fluid, and if the oxtemal 
picssuio is unaltered, the density wJl have 
undergone no change except that due to 
change of tempoiatuie Hence, conclusions 
drawn fiom observation of woik expended m 
heating a liquid are, caetens pm thus, of leading 
importance 

It is not nocessaiy to entei into further 
details of the considerations which have led 
to the selection of the experiments which aie 
about to be discussed Suffice it to say that 
a careful study of the wutmgs of most of those 
authors who are mentioned m these tables 
has led to the selection fiom Table 1 of the 
woik ol Joule, Rowland, and Reynolds and 
Moorby, and fiom Table II the determinations 
of Griffiths, Schuster and Gannon, and 
Calendar and Barnes 

Tho results obtained by Rowland, aftci tho 
revision of his thcnnomctiy, should bo con- 
sidered as of leading importance m the 
estimation of tho numerical value of tho 
constant , while the indirect methods of 
Griffiths, and above all of Gallendai and 
Baines, enable us to trace tho changes m the 
capacity for heat of watoi, and thus icndei 
it possible to make a comparison of the values 
obtained by tho different obsciveis 

If then results aro expressed in gravitational 
units a comparison thereof is icndoiod difficult 
m tho absence of knowledge as to the local 
value of g Throughout the icmamdei of 
this article (with tho exception of the final 
conclusions) tlie values will bo given m the 
COS system, and the mechanical woik done 
expressed m oigs or its multiple the .Joule 
(1 Joule = 10 7 oi gH) 

A fiu Uxor advantage of this method of 
measurement is that wo can oxpioss m tho 
same units the work done by an electrical 
cuuont or by mechanical means If our 
electrical units aro collect, then when tho 
ends of a c onductor whose resistance is I ohm 
aro maintained at a potential difference oi 1 
volt, tho work dono per second by tho cuuont 
must ho I0 7 ergs IJonco, if J ho tho constant 
grvmg tho relation between tho work done 
(m Joules) and the heat developed {% o the 
mechanical equivalent), then J = 1() 7 /II, when 
II is tho number oi thermal grammes C 0 
developed per second 

By whatever method tho work is done, the 
Mechanical Equivalent expressed m this scale 
is the numboi of Joules required to raise I 
gramme of watei through 1° C Hence this 
number will also represent the capacity for 
heat of water at a given temperatmo, and the 
phrases 4 4 the Mechanical Equivalent ” and 
“ the capacity for heat of water ” are 
transferable. 


2 1 
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Whatever method of determination is 
adopted, the expenmenter has two distinct 
sets of measurements to perform 

(1) The accurate determmation m ergs of 
the change m the mechanical system , 

(2) The measurement of the quantity of 
heat generated by the complete conversion 
of that number of ergs mto the form of 
heat 

It is m the second of these measurements 
that the chief difficulties have presented them- 
selves 

The measurement of the quantity of heat 
by the rise m temperature of a known mass 
of water is the method which has been almost 
universally adopted from the time that 
calonmetiy became a branch of science The 
choice is an unfortunate one, for not only 
is the accurate measurement of temperature 
amongst the most difficult of all measurements, 
but also the material selected, viz water, is 
apparently capricious m its behaviour 

Another method is by observation of the 
quantity of heat requited to change the 
physical condition of a body, as, for example, 
a given mass of ice The latter is one which 
possesses the great advantage that it is 
independent of temperature measurements 
Unfortunately, however, the density of ice 
cannot be regarded as invariable, and the 
magnitude of the umt thus obtained is in 
some respects moonvement 1 

Whatever method is adopted, it should be 
borne m mind that the true primaiy unit is 
the heat equivalent of one erg 

In order that the weight of the evidence 
m favour of the final conclusion may be 
nghtly estimated, it is advisable to study m 
some detail the works of the selected observers 
above referred to 

§ (4) Direct Experiments (i ) Joule 2 
— The mechanical method finally adopted by 
Joule m 1878 consisted m stirring water by 
means of a paddle which was rapidly turned 
by hand -wheels, shown at d and e (Fig 1) , 
the vessel was suspended by a vertical 
shaft b, v Inch also earned a large fly-wheel 
/ The mass of the water and the water- 
equivalent of the calorimeter weie care- 
fully determined, the rise m temperature was 
noted on a mercury m- glass thermometer, 
and the work consumed m heatmg the water 
was measured by a dynamometer, which 
consisted of an arrangement for balancing 
the moment acting on the suspended calori- 
meter (owing to the revolution of the paddle) 
by a moment produced by the tension of the 
cords fastened tangentially to the calorimeter 
The cords passed over pulleys and supported 
weights k If this moment is constant and 
is called M, and if the number of revolutions 

1 See Appendix II 
2 Scientific Papers, i 632-657 


per second of the paddle is N, the voik done 
pci second is 27rMN 

In order to i educe tho metallic huhon aw 
far as possible, the base of (lie oaloumetei 
rested on a hydiaulu suppoitoi, which ton 
sisted of two concontne vessels v and w, 
the space between them being idle d v dh w a lei 
The tin ee uprights attached in w pressed 
against tho base of the calonmcloi and 
reduced the pTossmo on tho boning at o 
neaily to zeio. 

Joule’s caloiimeioi had a water equivalent 
of 313 7 grammes of water at 15 5° (‘ , (ho 
mass of watoi used in an experiment was 
about 5124 grammes, each expei uncut lasted 





41 mmutos, and tho obseivod use m tempera- 
tuie was about 2 8° (1 The menu ni his 
results gave 772*05 loot pounds at Mane heslt r, 
as the quantity oi weak required ter mine tho 
temperature of one pound of water 1 degree 
E on his mor c my-m -glass sonic at (d (>{)" h\ 
Changing to the contigiado sonic and to the 
CGS system. Joule’s result may be Hinted 
as follows the quantity of work leqmud 
to raise the tempoialuio of 1 gramme of 
water 1 degioe contigiado on lus mere my m- 
glass thermometer at 1(1 f>° ih 4 107 * H) 7 ergs 
In 1895 Professor Hclmuter { eum pared 
Joule’s theimomotoi with a Toimelot Mtenuo 
meter which had boon standardised m tonus 
of the mtrogou thermometer of the Bureau 
International at HAvies , and m this way 
was able to recalculate Joule’s value for tho 
mechanical equr valent Howland also, when 
reviewing this oxponmenl of Joule’s, culled 
attention to cei tarn errors m the detoi imuation 
a Phil Mag , 1805, xxxix* 477-500 
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10 u 1 mpu valent of the calorimeter, 

0 \ iluo had m i onsequence, been under- 
aded i>\ niaily 1 par t m 1000 The 

1 led is /,nven Ly Schuster as follows 

ajhuil-v foi heat oil gi ammo of water at 
C hat is ml i agon scale is 4 173 x 10 7 eigs 
* v ilui ddlt i i by I part m 400 from determina- 
nt ulo by Kmvl md ind others In fact the 
Ii\e nb it i \jitmuH from which. Joule calculated 

ml \nlu» gi\*‘ h suits which diilcr by more than 
h nt bom < i< h othei, and his thermometei did 
‘unit tlu mml m ( limit leading of temperature 
au i « *4 tlu'ii (list n pancies is to be found in 
lomhlunu of tho ixpuimcnt lriegulauty of 

i mug, 11110 11 \uih dune by hand, incomplete „ 

linn Ini Urn oT In at by ladiation, and msuih ^ — ' 

kmml* dgo t>f tho \u nations in tho readings of 
i\ in gin a i lu'inmineieis caused by vaiiations 
i condition i undei winch they are used and 
iduul 

t Hmvfttmi 1 In the yeais 1878 and 1879 
■ism l h nilund of the Johns Hopkins 
‘i sit y* BuHitmuo, pertomied a senes of 
uncut s fm Liu* determination of the 
ity fot hent of unitor at different tempeia- 
II ih met hod w as in principle the same as 
»f Joule, although devised independently 
mwirm of a pivtt oleum engine, a specially 
usl p,uhlle-\vlu»el was turned at a rapid 
(200 (o ii*)0 i evolutions pei minute) 
enloimudoi which, was suspended hy a 
mil which was picvented fiom turning, 
the paddle wan involving, 
sum of a moment applied 
‘iglitn Tho watoi-equi* 
of tho ealonmotex was 
iimiiu'H, and tho use in 
r it mo u as ahuii t 0 ti pei 
e, and was olmtuved on 
•nt men tny m-gJuss thor- 
Itss These thorino 
^ hud all hoi n t oin pared 
i ounshmt volume au- 
him*(m,and tho loadings 
11 tnnill v i oil ii< od to the 
lute iculn 11 , tho results 
imisou and Jmilo’n ex- 
miIh *»n the expansion of 
rough a | minus plug 
used to nrnivo tho noccs- 
•tuiei t iouh to the air- 
imeter iempotatuica 
the tempeiatuio was 
thmmih nn,\ Jiuige, eg 
H w to ,UP C 1 , loadings 
uncle <m nil tho mntru- 
fot eni h dogpc'O oi half 
, nail m tins way any 
jieumenl gavt‘ a great numbei of do- 
aiitms nr (ho oapaeity for heat Tho 
wiih ealeulateil toi 10° intervals, and 
dh of that roi| Hired to raise tho tem 
ul one gramme of water fiom 


(t — 5)° to (if b 5)° was called tho specific heat 
at t° C All corrections foi losses due to 



Fias 2 and 3— nb in aveitaai Hindi Huppmtmg eaimimotor and 
suspended by a t oi won wire . v . , 

Axis of paddle passed through base of uilmlnietei and was i onnpolod 
with shaft ef, which was kept in uniiorm rotation by tho driving engine 
o and p, weights attached to silk tapes passing round wheel /Mho 
couple acting on calorimeter being thus measured (i ouei tions being applied 
for the torsion of tho suspending wire) The moment of Jneri la could 
be varied by means of tho weights q and r A water-jacket ut sin- 
ronnded the calm imotei and was used foi the estimation oi the ladiation 


re id ono 
Pm* Amt r it an Academy, No* 3880-81 


radiation, variations m speed of paddle, ote , 
wgio carefully considered and made 

Bowland’s method of using Ins moroury thermo 
meters was different from that which has been 
universally adopted within the past few years owing 
to tlio efforts of Professor Peraot of Zimoli, and of 
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MAI Chappuis and Guillaume of the Bureau Inter- 
national, and the scale of his air thermometer m 
terms of other thermometers used by later observers 
was not known In 1897, therefore, a series of com 
pansons was undertaken at the Johns Hopkins 
University between Rowland’s thermometers, three 
Tonnelot mercury thermometers standardised at the 
Bureau International, and a Callendar Griffiths 
platinum thermometer The result has been a 
recalculation of Rowland’s figures In the follow 
mg table the values for the specific heat are given 
as Rowland first published them and as recalculated 
by Day, 1 and by Waidner and Mallory 2 
Professor Pemet has also endeavoured to lecalcu 
late Rowland’s values from a careful study of Baudm 
thermometers of the same glass and construction as 
those of Rowland His figures are almost exactly 
1 part m 400 less than those determined by Day 
and by Waidner and Mallory, and in such a case as 
this one must have the greater confidence in the 
direct comparisons 

Table III 


g ffl 

Is 

Howland s 
Original 

V iluea 
Absolute 

Sc Ue 

Recalculated 
by Day Pans 
Hydiogen 
Scale 

Same 

reducul to 

P ins Nitrogen 
Scale 

Recakul ited 
bj Waulnei 
mil Mallory, 
Pails Nitrogen 
Scale 

°C 

5 

10 

Trgs 

4 212x10’ 
4 200 

4 196 x 10 7 

4 194 xlO 7 

4 195 X 10 7 

15 

4 189 

4 188 

4 186 

4 187 

20 

4 179 

4 181 

4 180 

4 181 

25 

4 173 

4 176 

4 17G 

4 176 

30 

4 171 j 

4 174 

4 174 

4 175 

35 

4 173 

4 175 

4 175 

4 177 


Rowland took pains to vary all the con- 
ditions of his experiments as much as possible, 
running his engines at different speeds, using 
different thermometers, carrying his observa 
tions over different ranges and making m all 
thirty series of observations Therefore great 
weight must be given to his determinations 
The only criticisms that can be made are 
that the range of 10 degrees is too large if 
the capacity for heat at the mean temperature 
is desired, and that the radiation correction 
is uncertain at and above 30° As Rowland 
himself says “ The error due to radiation is 
nearly neutralised, at least between 0° and 
30°, by using the jacket at different tempeia- 
tures There may be an error of a small 
amount at that point (30°) in the clnection 
of making the mechanical equivalent too 
great, and the specific heat may keep on 
decreasing to even 40° ” 

Professor Ames’s cntieism on this work 
is as follows 

Rowland estimates his possible error at loss iban 
2 parts in 1000 , and, now that his tliermometno 
readings have been recalculated, the possible error is 
probably reduced to less than 1 part in 1000, unless 
there was a constant or systematic erior, which is 
most improbable Rowland’s method of making 

1 Phil Mag , 1808, xlvi 1-29 
3 Physical Renew, 1809, vm 193-236 


thermomotnc readings is one which is liable to hoi terns 
error, and it is possible that m the recalculations 
made by Day, and by Waulnei a ml Mail my the 
thermometeis wcio not used m identically the same 
manner as they woio originally Them is no obvious 
reason, however, for believing, ns Pemet does, that 
there is a systematic crroi in Rowland’s useauh 

(m ) Reynolds and Mixnbij The ox pen 
ments of Reynohls and Mooiby aie also 
examples of physical vvoik of the highest 
ordei In 1897 they published an account 
of thou determinations of the mean specific 
heat of watei between 0° and 100* 0 Tho 
apparatus used was of such a natmo that 
it is not possible to convey, m a In lot doseup 
tion, any clear idea of tho maohmoiy and its 
connections, thoietoie attention will only 
be called to tho manner m winch tho work 
was conti oiled and estimated Tho gonoial 
idea is that of a hydnuihc luako attached 



Fiq 1 — This figmo allows tho ITydi aitlic Butko lugged 
with cotton- wool coveted by ll.umol, (ho bwiko 
projecting from It towards tho loti 


to the shaft of a tuple expansion 100 home- 
power engine making 300 revolutions per 
minute 

The water enter h tho brake at, or neat, 0“ (5, 
and runs through it at such a rate that it 
issues at, or near, 300° (1 , tho wot k expended 
on the water being estimated by menus of a 
dynamometer con Misting of a level and weights 
fastened to the luako Tho whole of Hie 
woik done being absorbed by the agitation 
of the watei in the brake, the moment of 
resistance of tho brake at any speed is a 
definite function of tho quantity of \mlei in 
it Except foi this moment the unloaded 
brake is balanced on tho shaft, tho load being 
suspended on tho brake lovoi at a dmtnnc e 
of 4 feet from tho axis of the shaft If (he 
moment of icsistanoo of tho brake exceeds 
the moment of tins load tho lever uses, and 
vice verm By making this lover actuate 
the valve which legulatcs tho discharge 
from tho brake, tho quantity of watt r is 

8 Phil Trans, Roy, Soe A, 1897. 
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lontmually i emulate cl to that which is just 
icfjuiml to supped the* load with the level 
hon/ontal, and thus a constant moment of 
resistance is maintained whatovei the speed 
ot the engines 

In oid 01 to eliminate as many errors as 
possible, tin oe * heavy tnals ” weie made m 
succession, followed by three “light trials,” 
each Inal lasting (iO minutes, and the difference 
in the two eases, “ heavv ” and “ light,” of 
the u mean woik per tual ” and the difference 
of tho “ moan lieat per tual ” weie taken as 
equivalent 

In a “ heavy tual,” the clynamometei was 
adjusted to a moment of 1200 foot pounds, 
and tho quantity of watei run through m the 
00 minutes was about 900 pounds , m a 
u light trial ” tho moment was generally 
000 foot pounds, and the quantity of water 
mn thi ougli m Hie 00 minutes was about 
475 pounds, although si\ trials were made 
with the moment at 100 foot pounds As it 
was only necessary to determine tempoia 
tines m the neigh boui hood of 0° and 100° C , 
the results aio almost independent of the 
natmeoi the temperature scale, as all tompera- 
tuio scales must be m agreement at tho two 
standardising points, while tho temperature 
lange was so gieat that an eiroi in actual 
elevation at eithei end of it would have but 
a small effect Again, the lmge scale on which 
the e\poiimcnts weie conducted would tend 
to dimmish tho effect of inaccuracies m tho 
measurements of the thermal loss by radia- 
tion, etc Tho most minute attention was 
paid to all possible causes of inaccuracy, and 
there is no apparent constant source of error 
m the final results 

When their value is oppressed m eigs, it 
becomes 4 1833 xl0 7 , that is, the mean 
c apacity foi heat of unit mass of water botween 
0° and 100° U is 4 1893 x 10’ 

Uufoitumilely tlio woik of Reynolds and Mooiby 
does not nlloid uh much assistance m oui efforts to 
dcteimmc tlm actual value of the heat equivalent 
Assuming tin* validity of their conclusions, wo know 
how many eigs (nr j rummy units) arc rtqmied to 
iaiHc» the temjiLiatnre of I gramme of water from 0° 
to 100° , hut wo are unable to compare thoir results 
with the values obtained by Joule and Rowland, 
unless we know the relation of the mean thoimal unit 
over the range 0* to 100° to the thermal unit at the 
temperatures covered by the oxpenmonls of those 
obseiveiH ft in quite coitam that tho number of 
primary units rpquntd to raise ] gramme of water 
through J“ at dtffeient tempeiatures is not the same , 
lienee it is impossible m the present state of oui know- 
ledge to ascertain if Reynolds and Moorby’s results 
aie oomoidcnt with those obtained by other in- 
vest igatois 

On the other hand, if wo assume tho validity of the 
result obtained by Reynolds and Moorby, ai^ 
compaio it with the numbers given by Rowland, / wo 
can find the value of tho mean thermal unit in t< nnB 
of a thermal umt at some dofmite temper/ ^ uro 


a piece of mfonnation of gieat value when we 
lcmunbei tbit no use can be made of the Bunsen’s 
caloi imetei me thods in the absence of such knowledge 

^ (5) Indirect Methods — We now pass to 
the consideration of indirect methods, many of 
which were first employed by Joule At various 
times he estimated the heat developed by 
elcetiomagnetio currents, the deciease of heat 
m a voltaic cell when the current does work, 
compression and expansion of an, etc 

Attention has already been called to the 
gieat vanetv of experiments performed by 
Joule, and it would be difficult to over- 
estimate the importance of tins variety as 
evidence that all fonns of eneigy can be 
expressed as heat For the purpose of our 
present inquiry, however, viz the exact 
determination of the equivalent, his indirect 
determinations are of little use 

(i) Gnffitlib, 1 1888 to 1893 —The chief 
objects of this investigation weie (1) an 
examination of the validity of our system of 
electrical units, and (2) a study of the changes 
m the specific heat of watei, as the only 
information possessed at the time was that 
drawn from the experiments of Regnault and 
Rowland The formei indicated a steady 
increase from 0° C upward, while Rowland 
found a deeiease over the range 5° to 30° C 

Professor Ames wrote as follows “ E H 
Griffiths of Cambridge, England, devised a 
method foi the determination of the specific 
heat of w r ater by the use of the heating effect 
of an electric current, which is, to a large 
extent, free from the eirors connected with 
the pievious methods m which electric currents 
weie used {Fig 5) 

“ If a coil of wire cairymg a current is 
immeised m water any one of the thiee 
following methods may be used to determine 
the energy spent m raising the temperature 
of the water 


(1) Megftjjqe 2 and ^ 

( 2 ) -Measure ^L^-anJ * 

(3) Measure E, R, ancTi 
c Griffiths lse £ ^he thud method, although ^ 

for many ren aons ^ ia the most difficult The 
obvious dif|i 0U qty lies m the measurement of 
R , becay SCj -unless measuied actually during 
the piO£ resg Q f the heating experiment, it 
is uocej aar y to know the temperature of the 
wrre^ the temperatuie coefficient of its 
iesis iance , and its tempeiature is not that of 
^ 10 surrounding water Gnffiths thought to 
°’Viate this difficulty by making a series of 
®!ibfcLch n rv experiments which were designed 
to give the difference m temperature between 
the water and the wire when the foimer was 
at a known temperature and an E M P of 


1 Phil Trans Roy Soo A, 1893 , Proa Roy Soc , 
1894, lv , Phil Mag , 1895, xl 

8 electromotive force, C*= current, R —re- 
sistance, £*=*rise of temperature 
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known stiengtk was applied to the latter 
The resistance of the wire was then measuied 
at a known temperature and its tempeiature 
coefficient was also measured, therefore, 
when m the course of a heating experiment 
the temperature of the water was lead, the 
resistance of the wne could he calculated 
Griffiths found also that most rapid and 
thorough stirring of the water was necessaiy 


observations of the icmpeiutuie and lime 
weie made eveiy dogioe The K M l' 1 used 
varied fiom that ol three to six Gl.uk <<1K 
Experiments woio mad( using difhient 
quantities of watei , and by taking ( hljnente ,s 
m the eneigy and the heat produced m the 
different sets, many enois were eliminated, 
and the watei equivalent of the calmimcdoi 
disappeared fiom the ecj nation In Hie end, 
therefoie, the method depended on the in- 



£ 

— {. . j| ■ 







troduction of 120 giams of watei info the 
calonmetoi, this being the drfioionoo between 
the quantities used m two tmls 

“ (Judiths moasuml his 

| — \ E M E m tenns ol the Given 

dish atandaid Chuk coll his 
) resistance in tonus ol the * B A 
ohm ol 1892,’ wine h is the 
‘International Ohm 5 as de- 
fined m 3891, his time bv a 
‘ lated 5 elnonomoter , and his 
I temperature hy a l licks 

! morouiy thennomofor which 

had been compaied with a 
Calicndai - Gnffiths platinum 
tlieimometoi and also with 
a Tonnolot thennomotei 
standaidisod at the Buieau 
International In ac cm dance 
W1 ^ x ^j 10 wor ] c () f (da/oluook 


Fig 5 — Section of Constant Temperature Chamber in winch the 
Calorimeter was suspended by Glass Tubes 

ABC is a large steel vessel with double walls, the annular space 
(printed black m figure) being filled with mercury which is c onnuted 
with a gas regulator by the tube D The steel vessel stood m a 
large tank filled with water, which was rapidly stiried by the paddle 
Q A small stream of water flowed continuously into the tank, 
the excess passing away at W The temperature of the incoming 
water was controlled by the regulator which was governed by the 
mass of mercury (exceeding 70 lbs ) witlnn the walls ABC A 
very constant temperature could thus be maintained within the 
steel vessel The space between the caloiimeter and the stool 
walls was thoroughly dried and the pressure reduced to less than 
1 mm 


and Rkmnoi ho assumed the 
E*M E of the Chuk cell af 
15° 0 to bo l l«M4 voUh, and 
its temperature coefficient to 
bo 1 I 0 00077 (1 5“ -4) 

“Later, Behustoi (tilled 
attention to an onoi ol one 
pait m fom thousand due to 
the capacity for heat ol the 
displaced an, 1 hut this was 
neutralised hy the fact that 


in order to secure consistent or satisfactory 
results He designed a most efficient stirrer 
which made abont^^joqX revolutions per 
minute, the^^^^ e ^ peia {mre produced hy 
the alone being m some ^ses equivalent 
10 per cent of tlie whole \Work spent m 
raising the temperature The nCP° cssai -y cor " 
rection, owing to tins, was ascerhA met ^ by a 
senes of preliminary experiments 

“ Griffiths 1 apparatus {Fig 6) consisted of a 
platinum wire (diameter 0 004 m (0 0.£0 cm ), 
length 13 m (33 cm ), resistance about 9 .ohms) 
coiled mside a cylindrical calonmeter, 8\ cm 
m height and 8 cm diameter, whose water- 
equivalent was 85 This wire was heated by 
means of a cuirent from storage 
terminals of the wire were maintained at a, 
constant diffeience of potential hy balancing 
against sets of Clark cells , and, while the 
temperature of the water contained m the 
calonmeter was raised from 14° to 25° C , 
the time varying fiom forty to eighty minutes, 


there was a slight piobablo onoi discovered 
m the estimation ol the EM E of the Cltuk 
cells used by Griffiths, a reducing the value to 
1 4342 volts at 15° (! 

“ lienee Gn filths’ final values mo 

15° C miiogon scale, 4 198 >< 10 7 tugs 
20° „ „ 4*192 /W „ 

25° „ „ 4 187 x HF „ 

“ In cntioism of the method, it may be said 
that using as smalt quantities of watei an 
Griffiths thd, always pia< tieally undei the 
same oxtornal eonditmns, thoio is mine 
opportunity than should be foi systematic 
errors and for ejrois duo to ladiatum uii- 
reotions In this connection inference must 
be made to eutioisms by 8c buster 1 and to tho 
reply by Griffiths ” 4 

k It will be seen from this summary by 

1 PM Tram lion Soc A, 181)5, ol\\\\ 1 

2 Phil Mag, 3806, xl 

8 Phil Tram A, 3805, rlxxxvl 

4 Phil Mag , 1805, pp 431-454 
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Professor Ames that the results of Gnffiths’ 
woik lo.id to tho conclusion that (assuming 
the valuo of J obtained fiom Rowland’s 
lovised experiments) there is at all events no 
enoi exceeding l m 1000 m the value of our 
electrical units , but that thoie is an indication 
of a possible euor of some such magnitude 
m tho cle( tiQ-cheimcai equivalent of silvei, 
oi m the E M E of tho Claik cell, an mdica 
tion which (as wo shall bee latei) is strengthened 
by tho woilv of Schuster and Gannon, Kalile, 
Patterson and Guthe 

A comparison of the cams resulting fiom Ron 
land’s woik and Cii lflitlia* plowed that they could 
not both bo correct in their tlioimometry, and this 
of com so excited suspicion os to any conclusions 
regarding the value of the electrical units The 
revision of Rowland’s thennometry was paitly duo 
to this discrepancy, and tho double restandardisa 
turns by d iff cunt methods wire, as we have seen 
(Table III supra), m agrunuiit. with each other, 
while tho resulting corrections caused Rowland’s 
ourve of the changes m capacity for heat to bo almost 
parallel with Chilli tils’ over the rango of Ins expen 
ments This parallelism did not mean that the value 
of J, obtained by tho assumption of the validity of 
the eleotneal units, was coincident with Rowland’s, 
but that then romauung differences wero piobably 
due to tho natmo of the calonmctiio determinations, 
01 to some hitherto undiscoveied error in the Bystem 
of electrical measurements 

(n ) Schuster) and Gannon, 1 1895 — These 
observers also measuied the heat developed 
by an el coin c current when overcoming 
resistance but m this ease the work was 
estimated by observation of E and C, tho lattei 
by the use of a silver voltameter (see Pig 7) 

Tho mo m tempeiature was determined by 
a Ran din mercuiy th clinometer, which was 
compared duectly with a Tonnelot theimo 
motei standardised at the Buieau Inter 
national The calorimeter had a water 
equivalent of 27 and the mass of water used 
was about 1514 giammes The heated wire 
was of platinoid, 760 cm long and of about 
31 ol\ma resistance The EME was pro 
duced by storage cells, and was constantly 
balanced against twenty Clark cells The 
insulting cunent was m the neighbourhood 
of 0 9 ampere, and passed m series through 
a silver voltameter consisting of a silver plate 
and a platinum bowl 9 cm m dmmetei and 
4 cm deep, whoso weight was approximately 
04 giammes An expeumont lasted ten 
minutes, during winch about 0 56 gramme of 
silver was deposited, and the temperature of 
the water was raised about 2 2° 0 All expen- 
ments woie porfoimed m the neighbourhood of 
19 0° The final icsult is the mean of six ex- 
pei iments which agree closely with each other 

Tire result of thou investigation gives — 

Oapacitv for heat of water at 19 1° 0 on 
nitrogen scale = 4 1 905 x 10 7 ergs 

x Phil Trans Hop Soc A, 1805, clxxxvi 


These experiments were conducted with the 
skill and accuracy which we neoes&anlyassociate 
with the name of Professor Schuster “ Never- 
theless ” (to quote Professor Ames again), 
“ there aie seve- 
ral criticisms 
which may 
be offered 
to this le- 
search There 

was only one 
voltametei used 
thioughout, and 
none of the con- 
ditions were 
varied The 
radiation correc- 
tions were most 
caiefully con- 
sideied, but no 
details are given 
of the stirring or 
of any coirec- 
tion fox it 
Griffiths m Ins 
investigation in- 
sists stiongly on 
the need of 
thorough, not 
to say violent, 
stirring 

et These facts 
make the final 
result miceitam 
to an extent 
which it is diffi- 
cult to estimate, 
but which prob- 
ably is not 
large If, 2 as 
seems probable 
from the work 
of Kahle and 
Patterson and 
Guthe, the elec- 
tio equivalent of 
silver is 0 001119 
instead of 
0 00X118, Schus- 
ter and Gannon’s 
valuo for the 
specific lieat at 
19 1° becomes 
4, 189 x 10 7 , and, 
if a consequent 
error of one part 
m a thousand is made m the assumed value 
of the E M F of their Clark cell, the corrected 
result is 4 185 x 10 7 ” 

Certain other possible causes of slight inaccuracies 
present themselves The form of stirrer adopted 

a This is not borne out by the later determinations 
of the electro - chemical - equivalent, The value 
0 001118 is now adopted 



Fig 0 — Section of Calorimeter 
showing the stirring arrange- 
ments at 1) by which the 
water was drawn through the 
bottom of the cylinder AB, 
and thrown agamst the roof 
of the calonmetei 

The platinum coil is not shown 
in this section, as it was wound 
m a horizontal circle placed near 
the base of the vessel, the rack on 
which it was wound being sup- 
ported by the rod indicated by 
the dotted lines to the right of 
the thermometer bulb At the 
top of the stirrer shaft is shown 
the counter which recorded the 
number of revolutions 
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m as a plunging one and the calorimeter was not air 
tight It is probable that the correction for the 
latent heat of evaporation during a rise of tempera 
ture exceeding 2° C might be appreciable The 
authors refer to this matter as follows “ Evipora 
tion will produce a certain amount of cooling of the 
calorimeter, if that is not perfectly enclosed , but 
unless the rate of evaporation changes with the 
temperature, the effect will only be a lowering of 
temperature by a constant quantity The rate of 
cooling can only be affected by evaporation m so far 
as it mcreases with the temperature, and since for 
small changes it would vary as a linear function of the 


through a fine tube 1 b boated by a ^tcadv 
electne cuircnt through a cential umductoi 
of platinum The steady difference of temponi- 
ture between the inflowing and outflowing 
water is observed by moans of a differential 
pair of platinum thermometers at etthoi end 
The bulbs of these thermometers aio sur 
rounded by thick copper tubes which, by 
their conductivity, serye at once to equalise 
the temperature, and to pi event the generation 
of heat by the current in. the immediate neigh 
bourhood of tho bulbs of tho thoxmomotois 



temperature, any error due to evaporation is ehmm 
ated by the cooling correction ” 

The International Committee on Electrical Units 
and Standards, m their report January 1912, x state 
that they are unanimous m the conclusion “that 
voltameters in which filter paper is used as a septum 
lead to results which are too large ” 

Messrs Schuster and Gannon state that the silver 
plate was “ protected by filter papei ” 2 
It is also necessary to remember that Schuster 
and Gannon did not trace the value of the secondary 


unit over any appreciable range of temperature, all 
their observations being confined to a rise of about 
2 2° C m the neighbourhood of 19° 0 
(in ) Galhndar and Barnes 3 — The following 
description is extracted from a report by 
Professor Callendar to the British Association 
m 1899 

“ The general principle of the method, and 
the construction of the apparatus, will be 
readily understood by reference to the diagram 
of the steady-flow electnc Calorimeter given 
m Fig 8 A steady current of water flowing 

1 International Com on Electrical Units , Washing 
ton Government Printing Office 
* Bhil Trans Hoy Soc A, 1895, p 422 
Proc Roy Soc , 1900 ; Phil Trans Roy Soc A, 
exeix 


The leads CC servo for tho introduction of 
the current, and the leads PP, which aie 
carefully mflulated, for tho measurement of 
the difference of potential on the renttnl 
conductor The flow -tube m conskmcted of 
glass, and is sealed at either end, at some 
distance beyond the bulbs of the thewnomotois, 
into a glass vacuum jacket, the function of 
which is to dimmish, as much as possible 
the external loss of heat Tho whole is 
enclosed m an external 
copper jacket (not 
shown in the figure), 
containing wat.cn m 
rapid cu dilation at a 
constant tompeiature 
maintained by means of a vmy dedicate 
electnc regulator 

“ Neglecting small corrections, the general 
equation of the method may be ‘dated m the' 
following form 

JGC£ = JM.dO PIT, 

“ The difference of potential U on the cential 
conductor is measured in terms of the Cltuk 
cell by means of a very accurately calibrated 
potentiometer, which serves also to measmo 
the current U by the obsetvation of tho 
difference of potential on a standard resistance 
R included m the circuit 

“The Clark cells chiefly omployod mi Ins wot k 
were of the hermetically sealed type described 
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by the authors in the Ptoc Roy Roc , October difference was probably in all cases accurate 
1897 They w eie kept immeised m a legulated to 001° C Tins order of accuracy could 
water-bath at 15° (J , and havo maintained not possibly have been attained with mercury 
then relative diffeiences constant to one or thermometers under the conditions of the 
two parts in 100,000 for the last two yeais experiment 

“ The atandaid resistance R consists of foui “ The external loss of heat H was very 
bare platinum silver wires m parallel wound small and regular, owing to the perfection 
on mica fiames and nnmeised m oil at a and constancy of the vacuum attainable m the 
constant tempeiatuio The coils were an- sealed glass jacket It was determined and 
nealed at a led heat after winding on the elimmated by adjusting the electric current 

so as to secure the same rise of temperature 
dd for widely different values of the water- 
flow 

“ The great advantage of the steady-flow 
method as compared with the more common 
method m which a constant mass of water 
at a uniform temperature is heated m a 
calorimeter, the temperature of which is 
changing oontmuously, is that m the steady- 
flow method there is practically no change 
of tempeiature m any part of the apparatus 
during the experiment There is no correc- 
tion lequired for the thermal capacity of the 
Fra 0 — Diagram of the Klectuuil Connections calomnetei , the external heat loss is more 

legulai and certain, and there is no question of 
mica, and aie not appiecnably heated by the lag of the thermometers Another mcidental 
passage of the eurients employed in the work advantage of great importance is that the 
“ The time of flow t of the mass of water M steadiness of the conditions permits the attain - 
was generally about fifteen to twenty minutes, ment of the highest degree of accuracy in the 
and was lecorded automatically on an electric instrumental readings 

chronograph leading to 01 second, on which “ In work of this nature it is recognised as 
the seconds weia maiked by a standard clock being of the utmost importance to be able 



Fig- 10 


“ The lotter J stands foi the number of to detect and eliminate constant errors by 
joules m one oaloue at a tempeiature which is varying the conditions of the experiment 
the mean of the range do through which the through as wide a range as possible In 
waiei is heated addition to varying the electric current, the 

“ ''Iflio mass of water M was generally a water-flow, and the range of temperature it 
quantity of tho oidei of 500 grammes Aftei was possiblo, with comparatively little trouble, 
passing tin ough a cooler, it was collected and to alter the form and resistance of the central 
weighed m a tarod flask m such a manner as conductor, and to change the glass calorimeter 
to obviate all possible loss by evaporation for one with a different degree of vacuum, 

“ The rango of temperature do was generally or a different bore for the flow-tube In all 
fioin 8° to 10° m tho series of experiments on six different calorimeters were employed, and 
the vuuation of J, but othoi ranges were tried the agreement of the results on reduction 
for the jmiposo of testing the theory of the afforded a very satisfactory test of the 
method and tho application of small coriec accuracy of the method ” 
lions The thormometeis were lead to the Tn 1902 1 Hr Barnes pubbshed a very full 
ten-thousandth part of a degree, and the * PM Trans Roy Roc A, exeix 
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account, together with a discussion of the 
results 

His final value at 20° C of the nitrogen 
scale is 4 478 x 10 7 ergs He assumed the 
Clark cell value as 1 43325 International volts 
at 15° C and the true ohm as I 01358 B A 
units 

§ (G) Comparison op Results 

Tabi 


the value of <r t obtained by Bosscha’s icduction 
of Regnault’s expot mien ts ] was almost uni- 
versally accepted, and the changes m the 
specific heats of othei bodies than water were, 
in nearly all cases, dependent thereon 

A study of Regnault’s paper, 2 hovovei, will 
lead to the conclusion that Regnault, with 
two exceptions, pei formed no expenments 


Capacity for Heat of Waits per 1° or Tim N Tiiirmomi-tfr 







Name 

Method 

Standards 

Result s 

Tempt ratine 

Joule 

Mechanical 


4 173 < 10 7 

10 6° 




/ 4 195 

10° 




J 4 187 

15 

Rowland 



1 4 181 

20 




U 177 

25 

Reynolds and Moorby 

» 


4 1811 

mean calm to 



( 4 198 

15° 

Griffiths 

E 

Electrical — t 

Iv 

f Clark cell = 1 4342 
^International ohm 

- 4 192 
[l 187 

20 

25 

Scliubter and Gannon 

E C t 

f Clad, cell- 1 4310 1 

\ El Ch E of Ag-0 001118 J 

4 1005 

19 1° 



(4 193 

10° 

Barnes 

E C t 

f Clark cell = 1 1333 
\.Ag=0 001118 

| 4. 184 

4 178 

15 

20 

. 



1a 175 

25 


The discrepancy between the values given 
m the above table is, in reality, much less than 
would appear from a casual inspection Before 
coming to any final decision, it is necessary 
to study the evidence regarding the vanation 
in the capacity for heat of water, and m this 
connection to consider also such evidence as 
we possess which is independent of any 
determinations based upon the transformation 
of energy Again, discrepancies arising from 
the different values assigned to the Clark 
cell by the observers must be taken mto 
account 

§ (7) The Variation in the Capacity 
for Heat of Water due to Changes in 
Temperature — Thi ougliout this section C t 
indicates the number of ergs required to raise 
1 giamme of water through 1° of the hydrogen 
scale at a tempeiatuie of t° C 

The specific heat <x t at any tempeiature t° 
C is the ratio Q/Ca, where 9 is some selected 
standard temperature It is evident that the 
value of (T t thus ascertained is not affected 
by inaccuracies m the magnitude of the 
electrical units, hence the peculiar value of 
such methods for the detenmnation of its 
change consequent on change of tempeiature 
Thus, although electrical methods may be of 
secondary importance when the object is 
the determination of the numerical values 
of C f , they are of primary importance in the 
attempt to trace changes m the value of <? t 
consequent on changes of temperature 

Until the publication of Rowland’s work 


concerning the specific heat of watoi below 
107° 0 , and these wero only made with the 
view of testing the woikmg of the appaiatus, 
and that Regnault himself attached no impoit 
ance to them Aftei discussing his results 
over the range 107° to 190° (J , ho stated what 
would be the nature of the variation between 
0° and 100° if deduced by extiapolation of the 
experimental curve obtained at the liighei 
range 

Bosscha discussed Regnault’s oxpenments, 
made several small corrections, found an 
equation which m Ins opinion closely icpic 
sonted the results over the range 107° to 190°, 
and then assumed that the expression held 
good down to 0° 0 

It lias been necessary to dwell upon tins mailt r, 
for succeeding investigators who have end( avouud 
to find the specific heat of various bodies ami also 
the changes tlieiem with ohange of tempi latme 
have, m general, ledueed then results to a standard 
temperature by these extrapolated values Hence 
the majority of their conclusions icqmio the revision 
rendered necessary by our knowledge that the change s 
in cr t difler both in magnitude and m dim lion from 
the changes at higher temperatures Unfortunately 
such revision is larely possible, as the required data 
are not usually given, for the observer 1ms had such 
confidence m Regnault’ a supposed values that lie 
has considered them unnecessary 

Rowland’s conclusion (1879) that, so fai 
from increasing, the valuo of cr t deoreased 
with rise of temperature up to about 30° 0 

1 Bosscha, Pogg Ann, Jain g 1870, p 049 

* Regnault, Mdmovres de VAcad , 1847, xxi 720 


O 
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has been confirmed by the ’work of Grrffiths 
(iange 13° It; 27°) and Callcndar and Baines 
(1° to 99°) 

The changes m the specific heat have been 
detei mined by Baitoh and Stiacciati 1 and 
Ludm 2 In both cases the conclusions were 
arnved at by the method of mixtuies, and 
aie theiefoie independent of all energy 
measui ements Bai toll and Sti acciati devoted 
neaily nine yeais to their investigation , they 
not only mixed watei with watei, but also 
with mercury and several metals Then 
thennometiy was based on the standards 
supplied by the Bureau International, and 
then results aie given in a formula containing 
the thud powoi of t They find a minimum 
about 20° The difficulties of this method are 
considerable, and a careful examination of 
then oxpeiimcntal numbers leads to the 
conclusion that the discrepancies between 
individual experiments aie too great to allow 
of oui attaching much authority to then final 
values 

A very fine senes of determinations by the 
same method was made by Ludm m 1890 
Tina investigator was able to take advantage 
of many of the lecent advances m tlieimometnc 
measurements, and his work is of a veiy high 
order Peinet has written a very full criticism 
of this w oik, and Ludm m Ins reply introduces 
a few corrections 

The following values (Col II ) of at m 
teims of <r 16 are those given by Hr Bames m 
PJnl (Frans Hoy Soo A, exeix 252 


Tam l Y 


I 

Temporal urc, 

11 

- - (Air Stale) 
O’lfl 

III 

— (Hydrogen Sc ile) 
0*rc 

5 

1 0053 

1 0052 

15 

1 0003 

1 0000 

25 

9081 

9975 

35 

0074 

9907 

45 

907(> 

9007 

55 

0085 

9075 

05 

0007 

0980 

75 

1 0010 

1 0000 

85 

1 0024 

1 0018 

05 

1 0037 

1 0033 


Fox the purposes of comparison with the 
results of other observers these values have 
m Col III been expressed m terms of tr 16 
instead of <r K) It appears that Ur Barnes’ tom- 
peratme scale is that of the constant pressure 
air theimometoi Over tho range 0° to 100° 0 
this scale is m close agreement with that ol 
the nitrogen thermometer , the numbers in 
Col III are expressed m the hydrogen scale, 
the reduction having been effected by the 
tables given by M Chappuis. 

Reibldtter, 1801, xv 7C1 
a Ibid , 1807 


Tho following table summarises the result 
of the observers above referred to, over the 
range 0° to 35° of the hydrogen scale 


Table VI 

Values of the Specific IT? at of Water 
RI-FIRRLD TO THAT AT 15° C AS UNITY 


lompcift 
tuiohy tluj 
irviUofaui 
r l hot mo 
nuti i 

Row land 
(Day) 

Bin lull 
and 

All mu if t 

0 null) 

(JiirtltliH 

Ludln 

^ilkndar 

anil 

Bamcfl 

0° 

1 


(1 0080) 


(1 0051) 

GO 

o 

s 

2 

3 


1 0059 


1 0035 


4 


52 


31 


5 

(1 0042) 

40 


27 

1 0052 

(> 

1 0030 

40 


23 

45 

7 

31 

34 


10 

38 

8 

20 

28 


16 

32 

0 

23 

23 


13 

26 

10 

10 

18 


10 

21 

11 

14 

13 


8 

16 

12 

10 

09 


0 

11 

13 

07 

05 

1 0000 

4 

07 

14 

03 

02 

03 

2 

03 

15 

1 0000 

1 0000 

1 0000 

1 0000 

1 0000 

10 

0 9900 

1 0 0098 

0 9997 

0 0008 

0 0997 

17 

03 

07 

04 

07 

94 

18 

00 

90 

01 

00 

90 

10 

80 

95 

88 

05 

88 

20 

83 

04 

85 

94 

85 

21 

81 

93 

82 

93 

83 

22 

70 

93 

70 

93 

80 

23 

76 

04 

70 

92 

77 

24 

74 

95 

73 

92 

75 

25 

72 

07 

70 

93 

74 

20 

71 

98 

0 0008 

9 { 

73 

27 

09 

1 0000 


94 

72 

28 

69 

02 


94 

71 

29 

68 

05 

, 

05 

70 

30 

07 

10 


00 

09 

31 

C7 

1 0011 


07 

60 

32 

67 

, 


08 

68 

33 

67 



00 

68 

31 

67 



1 0001 

67 

35 

0 9000 


J 

1 0003 

0 9007 


Values in brat hots obtained by ovtrapolation 


For the purposes of our final i eduction of 
tho values of the moohamcal equivalent to a 
common standard, tho iange from 10° to 25° 
is of special importance, and tho agreement 
between tho values obtained by Rowland, 
Griffiths, and Oallendar and Baines may bo 
legarded as satisfactory (gieatest difference 2 
m 10,000), especially when we lemember the 
difference m the methods of experiment, which 
may bo summarised as follows . 

(Rowland — Mechanical work done against 
friction of water, tho revised results being 
dependent on the thermometry of the 
Bureau International 
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QuffMto — Woik done by an electnc cuirent, 
the data being E and H and the ther- 
mometers standardised by p^a inuin 
therinometeis and also by the standards 
of the Bureau 

Calendar and Baines —Electrical methods, 
data being E and C, and the theimome ry 
the differential platinum method 
The methods adopted by Bartoh and Stiac 
ciati and Ludm were similar in principle, 
although differing in detail, hence it might 
be expected that their results would have been 
in. closer agreement than those obtained by 
the other observer Such, however, is not 
the case At 10° they differ by 8 pints m 
10,000, and at higher ranges by as much as 


14 m 10,000 , , 

It appears unlikely that the skill am 
patience shown by these observers can be 
exceeded, and it is probable that the method 
of mixtures presents peculiar difficulties and 
uncertainties which are absent m the energy 
determinations 

These considerations have led to the adoption 
of the following table for the reductions to 
some standard temperature 


Table YIl 

VALUES OF <J t OVER THE RANGE 10° TO 25° OF THF 
Hydrogen Thermometer in Terms of cr ls 

Temperature 

10 ° 1 0020 

15 1 0000 

20 0934 

25 9972 

By means of the curve thus obtained we 
can now reduce the values given m Table IV 
(supra) to a common temperature 

Table VIII 

Capacity for Heat of Water at 20° C 
of the Hydrogen Scale 


Joule 4 170 xlO 7 

Rowland 4 182 x 10 7 

Griffiths 4 19‘lxlO 7 

Schuster and Gannon 4 190 x 10 7 

Callendar and Barnes 4 18/5 x 10 7 


The doubt as to the exact conditions undei 
which Joule used his thermometers compels 
the omission of his value 

§ (8) On the Accuracy op the Values of 
the Electrical Standards assumed by Tins 
Observers — Professor Ames 1 in 1900 wrote as 
follows 

“ In. regard to the electrical standards, it 
must be observed that no meaning can be 
attached to the * electro-chemical -equivalent ’ 
of silver, unless the construction and uso of 
the voltameter are moat carefully specified, 
and even then there is considerable doubt 
unless several instruments are used in series 
1 Gongrte International de Physique, Paris, tome i 


This but is veil shown ui the km out work of 
Riehauls, Collins and lloimtod at Harvard 
University, and of Merrill at Johns Hopkins 
University The humor deduce liom a 
comparison of then porous |ui voltameter 
With othci forms of instruments that tire 
elootio-elicmioal equivalent with then mstm 
ment is 0 0011172 gram poi see per ampoie , 
while Patterson and Gutho with thou instru- 
ment find 0 0011 i 92 II, however, the same 
voltameter and the same method oi use me 
adopted in the experiments on the eloelio- 
chemrcal equivalent and m those on the 
EM F of a Claik cell, the value ol the latter 
is independent of the value' assigned to the 
funner Fm tins reason Kahle’s value of 
tho FM F of the standard Clark oolls oi (he 
Beichsaristalt (14*129 volts nt 15° C ) is proh 
ably coi loot The Cavendish Laboratory 
standard coll has been compared with the 
German ones , its resulting value is 1 M2b 
at 15° O, and the Jatei invent igatums of 
Patterson and On tho would i educe tins to 
14.327 As Gutfiths used the value 14312 
and as tho E M F enters into the equation 
to tho second power, the nc< cssat y eon eel ion 
would bo almost exactly two pmtH m one 
thousand 

“For the method used by Nt buster and 
Gannon, whom both tho FM.F and tho 
cuuent are measured, a cm roe tic hi may be 
ar ornately applied to the FM F, but not to 
the cm i out, as it is not known wlml amount 
of silver one ampere should deposit m their 
voltameter , but if wo assume that tho 
collection in both oases is 1 m 1000, these 
lesults also would be reduced by 2 pails m 
1000 The con notion assigned is probably in 
tho light (In notion 

“Tho cells used by Oallomhu and Baums 
have not been compared with those of the 
Reich sail stalt, and no * correction ’ can be 
applied with certainty.* 5 Tho figures used 
above a are probably m excess ’* 

Messis Ayrton, Mather, and Smith in 1005 7 
made a carol ul redotemimation of the ampere 

The inquiry was conducted at tire National 
Physical Laboratory under the super vision of 
8n Richard Glazobioolc 

A voiy pel foct form of current weigher was 
const rue tod, and the author s wrote : “ The < ur- 
icnt weigher has proved to be (he most 
perfect absolute eloetneai instrument hitherto 
oonstrnoiod, and has enabled us to rioter mine 
tho ampere to a very high degree of aeermiey 5> 4 
The wak was conducted with a skill and care 

8 Hero tho value of 11m current was obtained by 
measurement of R/M, where IU'rkh HtawlarU resist** 
ante, and it is somewhat dlilh ult to estimate the proh- 
tthlo effect of the change in the equivalent of silvt r 
in tho absence of certain Knowledge concerning Urn 
comparative value of OaJlemlar ami Barnes cells, hi 
terms of tho Rayleigh ceil 

a I c a eonocUori of 2 pints hi 1000 

4 Phil Trans, lion, Moo. A, cevil 408, 
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which marks the investigation as a notable 
contribution to Physical Science 
The results afford the data for the determma 
tion of the E M F of the Clark cell 
The authors conclusion is as follows 
“Value for Olaik cell at 15° 0=1432/’ 
at 15° 0 

The value assumed by Guffitlis was 1 4342 
The value assumed by Barnes was 1 4342 1 
The value assumed by Schuster and Gannon 
was 1 4340, 2 and the value of the electro 
chemical equivalent of silver = 001118 
§ (9) Final Values — Assuming the value of 
E as 1432,, and applying the resulting col- 
lections to the numbers m Tabic VIII s up a, 
the results are as follows, the temperatmc 
being 20° C 

Table IX 


Rowland 4 182 <» 10 7 

Griffiths 4 184 K) 7 

Schuster and Gannon 4 186 H) 7 

Callendai and Barnes 4 381 \ 10 7 


Mean 4 183 It) 7 


Piofessoi Ames, in Ins criticism given 9 npra, 
suggests a fwthe i reduction of 1 pait m 1000 
in the value obtained by Reliustei and Gannon 
If we also take into consideration tho other 
uncei tam ties icfeired to supra, it appeals 
probable that a correction of the otdor of 
1 in 2000 is applicable 

If this is done, the final results aio given m 
tho following tabic 

Table X 

Capacity fob. 1 1 tat of Water at 20° 0 
of Tim IIvimoaLN fcJcAin 


Rowland 4 182 10 7 

Griffiths 4 184" 10 7 

Solmatei and Gannon 4 182 / 10 7 

Callendai and Barnes * 4 181 * 10 7 


Mean 4 182 10 7 


In oi doi to obtain the most piobablo values 
of 0/ at other iompoiatuios, wo can proceed as 
follows 

Fiom Table VI supra wo obtain the moan 
values of 0*/C 15 given by Cols I , III , V , over 
the lange 0° to 30° 

From 3*5° to 100° wo must bo guided by tho 
obseivations of Callcndar and Baines We 
can thus deduce tho value of GJGq over tho 
whole lango Assuming the value of Go at 
some given tompoiaturo, wo can then obtain 
the values of at other temperatures 

A convenient standard tempeiatuio for 
ordinary conditions is 17° 5 0 , and tho value 
of C 17 5 = 4*185 x I0 7 

1 Baines in later tables gives the value of the 
mechanical equivalent resulting from tlio assump- 
tion that 13=3 43325 

4 Phil Tram Roy Soc A, 1896, p 420 


The value obtained by Heumld^ and 
Mom by tm “the mean themml unit 1 ' 
41833 (sit put) A study of then tnblri 
shows that the a< tual i lingo was on the 
avoiago — fiom about. I " 3 to 100” (' \n 
inspection of Table XI shows that the into 
of variation of <r, is veiy inpid near 0' t and 
a piobablo value of <r, /a l( is about 1 OthS 



T4m.ii \I 



Temper atm o 

<h»I I. 

<’o[ It 


ou 1J 8< ale 

*rt 

(V 


0° 

(1 (ll 183) 

( t 2**0) 10 1 


5 

61 

»07 


10 

27 

loo 


35 

7 

I HR 


20 

9992 

182 


25 

78 

177 


30 

75 

175 


35 

74 

17 t 


40 

73 

17 1 


45 

74 

l/l 


50 

77 

1/5 


55 

81 

17/ 


«0 

87 

179 


05 

93 

182 


70 

1 0000 

♦185 


75 

7 

♦188 


80 

15 

191 


85 

23 

191 


t)0 

3! 

1 98 


95 

40 

202 


100 

(1 0061) 

{ 1 200) 


Mean 

1 00033 

4 180 


This approximates collection will only imho 
Reynolds and Momby’s value to l 1H1 Thm 
dtlfers from the mean of the uunibem m 
Col II by 1 pat Lin 2000 Thoeni icHpundeneo 
is loimukablo, and greatly mcrenHca the prob 
ability of the accuracy of the eomdimimm at 
winch wo have armed * l 

Those conclusions may Im tm m murium t tm 
follows . 

Assuming the* Kcanihud Tukkma L Unit as 
tho oneigy inquired to raise 1 gramme of water 
fiom 17° to 18° C. on the Phuh llydmgon 
►Scale, or onodifth the imnumt required to 
laiso it from 15° to 20“ (’. on the Hrutm 
scale, thou tho Ntandaud Tokuncai. Unit 
--4 185 <10 7 Kims 

Tho following resulting values may be found 
useful 


8 This close emicHpomlenro between (1k<i value 
of (»i 7 fi and tho " mmm thermal unit M In Iri many 
ways a convenience, Per example, we are enabled 
to express tile value of thermal meimmententH 
obtained by Ihmson’H dUnrlmcter In ternm of the 
standmd unit, ami that with wiinclent lueiwuv, 
for Proiessor Kicholls has shown that Urn variations 
jn tho density of ieo sometimes amount to 2 parts 
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Assuming 7 = 981 

1 lologi am -degree C =426 6 kilogrammeties 
1 pound degree 0 =453 6 = 1399 8 ft -lbs 
1 pound-degree F =252 0 = 777 6 ft lbs 

Assuming 7 = 981 2, its value at Greenwich, 
these values become 426 4, 1399 5, 777 5 
In latitude 45°, assuming 7=980 62, they 
become 426 7, 1400 3, 777 9 

APPENDIX I 

The following arc the valuer of the constants which 
have been employed m the final comparison of the 
values of C 17 5 found by the selected observers 

True ohm = 1 01358 B A units 
Eleotro- equivalent of silver =1 1182 per coulomb 
Weston cadmium cell, CxR = l 01830 at 17° 0 
Weston cell temperature coef , 

E*=E 17 -3 15 x 10" r, (i5— 17) — 0 066 x — 17) a 
Clark cell, C x R = 1 4323 at 15° C 
Clark cell temperature coef between 0° and 30° C , 
E,.=E 15 — 1 200(i— 15°}- 0062(0— 15°) 2 

APPENDIX IT 

THE THERMAL UNIT 

Professoi Rowlands’ views on this matter are 
expiesscd m the following letter 1 

Johns Homunh University, Dtctmhu 15 , IS*)'! 

As to the standard for heat measurement, it is to 
be considered from both a theoretical as well as a 
piaetical standpoint 

Tlio ideal theoretical unit would be that quantity 
of heat necessaiy to melt one gramme of ice This 
is independent of any system of thermometry, and 
piesents to oui minds the idea of quantity of heat 
independent of temperature 

Tims the system of thermometry would have no 
connection whatever with the heat unit, and the first 
law of theimodynamics would stand, as it should, 
entirely independent of the second 

The idea of a quantity of lieat at a high temperature 
being very different from the same quantity at a low 
tempo atm. e, would then he easy and simple Like- 
wise we could treat thermodynamics without any 
reference to temperatuie until we came to the second 
law, which would then introduce temperature and 
the way of measuring it 

Prom a piaetical standpoint, however, the unit 
depending on the specific heat of water is at present 
eeitamly the most convenient It has been the one 
mostly used, and its value is well known m terms of 
energy Furthermoie, the establishment of institu- 
tions where il is said lliermomcteis can be compared 
with a standard, rinders the unit very available 
m practice In other words, this unit ib a better 
practical one at present I am very sorry this is so, 
because it is a very poor theoretical one indeed 
But as we can write our text books as we please, 
I suppose that it is best to accept the most practical 
unit This I conceive to be the heat required to 
raise a gramme of water 1° C, on the hydrogen 
thermometer at 20° G 

I take 20° bt cause m ordinary thermometry the 
room is usually about this temperature, and no 

1 B A Report, Liverpool, 1896 


reduction will be necessary How cm, 15° would 
not bo inconvenient, or 10° to 20° 

As I write these words I have a feeling that T may 
be wrong Why should wo continue to teach in 
our text books that heat has anything to do with 
temperatuie ? It is decidedly wrong, and if 1 cvei 
wnto a text book 1 shall probably use the ice unit 
But if I ever write a scientific papoi of an expenmontal 
nature, I shall piobably use the otlici unit 

e ir g 


Heat, Transfer of, between Calorimeter 
and Jacket, in Method of Mixtures 
this may take place by conduction, con 
veotion, radiation, and evapojation, and is 
eliminated fiom the final icsult by the cool- 
ing coiroction See “ Caloumetiy, Method 
of Mixtuies,” § (6) (1 ) 

Heat, Units of See “ Theimodynamics,” 

§ (2) , “ Heat, Mechanical Equivalent of,” 

§§ (8)> (0) 

Heat- account for a Real Process Sco 
“ Thermodynamics,” § (44) 

IlEAT-DRor See “ Thermodynamics,” § (38) 
Heat-engine 

A machine which absorbs a certain quantity 
of heat at a high temperature and chs 
charges a smaller quantity of heat at a 
lowet temperatuie, the difference between 
these two quantities being converted into 
work See “Thermodynamics,” § (1) 
Working Substance in See ibid ^ (7) 

Heat -flow in C\ binder Walls Sec 
“ Engines, Theimodynamics of Internal 
Combustion,” § (62) 

Heat Transmission to Fluids flowing in 
Hot Metal Pipes Soennokon’s Experi- 
ments See “ Faction,” § (39) 

Effect of Surface Friction See ibid § (40) 
Heat Transmission bftween Solids anj> 
Fluids flowing over them Thorny 
of Osborne Reynolds Seo “ Fi iction,” 

§ m 

N P L Experiments Seo ibid (40) 
Heating of Charge entering Cylinder 
of Internal Combustion Engine Seo 
“ Engines, Theimodynamics of Internal 
Combustion,” §§ (63)-((>5) 

Heavy Oil Engines See “Engines, Internal 
Combustion,” § (13) et seq 
Hele-Siiaw Pump See “ Hydraulics,” § (bt) 
Helium, Specific IIeats of, tabulated values 
obtained by School and House Seo 
“ Calorimetry, Electrical Methods of,” § (15), 
Table IX 

Helmholtz’s Free Energy of Thermo- 
dynamic System See “ Thermodynamics,” 

§ ( 51 ) 

Henning, detailed investigation over the 
range 0° to -200° C of tempoiatuie of 
the eompanson between the readings of (lie 
hydrogen gas thermometer and the platinum 
resistance thermometei See “ Resistance 
Thermometers,” § (17) 
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Hhnning, Measurement of Latent Heat of 
Water See “ Latent Heat,” § (3) 

High spefd Stfvm Engines See “Steam 

Engine, Rccipiocating,” § (7) 

High Temperature Melting-points, Ex- 
trapolation of the Scale of the Platinum 
Theimometei foi the Deteimmation of 
See “ Resistance Thcrmometeis,” § (18) 

High Vacuum Technique See “ An -pumps,” 
§(47) 

Higher Pairs Foi definition see “ Kmc 
makes of Machinery,” § (2) 

Hodgson Kent Steam Meter See “ Meters,” 
Vol IIT 

Hoists, Hydraulic See “ Hydraulics,” 

§ ( 58 ) 

IIolborn and Day, 1890, comparison of gas- 
theimometeis with secondary standards of 
tenipeiatuio in range 500° to 1600° Soo 
“ Tempeiatuie, Realisation of Absolute 
Scale of,” § (39) (\ ) 

Holborn and Kurlbaum, modification of 
disappearing filament typo of optical 
pyiomctoi by addition of objective and 
eyepiece See “ Pyiometry, Optical,” § (3) 
Holborn and Vilentiner, 1906, companson 
of gas thermoinetoi with secondary stan 
daids of tempeiatuie m rango 500° to 1600° 
See “Tempeiatuie, Realisation of Absolute 
Scale of,” § (39) (\m ) 

Holborn and Wien, 1892, comparison of 
gas theimometei s with secondaiy standaids 
of tempeiatuie m the xange 500° to 1600° 
See “Tempeiatuie, Realisation of Absolute 
Seale of,” ^ (39) (i\ ) 

Homogeneous Head of Steam See “Steam 
Tuibmo, Physics of,” (1) 

Hooke’s Law a fundamental assumption of 
the thcoi y of elastic ity, which asserts that tho 
relation between stress and strain is one of 
dnect piopoikonality , this was discovered, 
by Hooke, in 1678, to bo rcpiosentakvo of 
actual matenals, and expressed thus Vl 
tensw 6i( vi6 See “ Elasticity, Theoiy of,” 
§ (4) 

Horizontal Gas - engine, Typical Sec 
“ Engines, Internal Combustion,” § (5) 
Hornblower’s Engine See “ Steam Engine, 
Reciprocating,” ^ (12) 

Hornsby-Akro yd Oil- engine See ‘ c Engines, 
Internal Combustion,” § (14) 

Hull Efficiency and Wake Fraction See 
“ Ship Resistance and Proi>ulsion,” § (47) 
Humphrey Gas-pump See “Hydraulics,” 
§ (42) 

Hyatt Dynamometer See “ Dynamo- 
meters,” § (5) (n ) 

Hyde’s Experiments on tiie Effect of 
Pressure on the Viscosity of Liquids 
See “ Euckon,” § (7) 

Hydraulic Gradient See “ Hydiauhcs,” 

§( 26 ) 


Hydraulic Mean Depth Tho depth wlueh 
the volume of watei contained in a pipe 
would have, if contained m a i octangular 
channel with a flat bottom of tho same area 
as tho wetted wails of tho pipe See 
“ Hydiauhcs,” § (25) 

Hydraulic Ram See “ Hydiauhcs,” § (43) 
Hydraulic Transmission Comp acne 
Hydraulic Gear See 4 * H ydt aulics, ” ^ (61) 
Hydraulically - braked Machines See 

“ Hydraulics,” § (60) 

Hydraulically - driven Machines Soo 

“ Hydraulics,” § (57) et seq 

HYDRAULICS 

I Natural Sources of Power in Water 

§ (1) Wattti Power — During recent yoais 
thcie has taken place tluoughout tho world 
a great development in tho utilisation or the 
natuial resources of watei, and the reasons 
aie not fu to seek On tho one hind, there 
has been a growing consciousness that a 
plentiful supply of this element is the basis 
of all samtaiy science, and on the other, 
the necessity of substituting, as a source of 
power, coal and oil fuels because of then 
increasing costliness by the utilisation of water 
Those two factois have combined to give a 
special and mci casing importance to tho 
question of water supply 
The problem from tho point of view of tho 
domestic supply is, of course, not a now one, 
having engaged tho attention of every civilised 
nation, ancient oi modem, but until tho 
nineteenth centrum it was solved along tho 
line of least resistance and the employment 
of high pleasures was evaded Tho needs oi 
the modem city, added to the demands fm an 
adequate supply of water power, have aoemd- 
mgly given a new direction and impetus to 
the study and practice of Hydraulics 
§ (2) iHouRGE of Water Mirm/s (i ) Prc- 
npitalwn ot Rainfall — Precipitation, cm brac- 
ing as it does tho fall of lam, dew, snow, and 
hail, is tho mam source of all water supply* 
and is usually studied under tho general term 
of lainlall Tho supply is derived almost 
entirely by evaporation Rom tho surfaces of 
the various oceans and seas which envoi tho 
gteator portion of the earth’s sui lace, and 
depends upon the radiation fiom the sun and 
the capacity of tho atmosphete to contain the 
moisture evaporated 

As might be expected, tlioro exist great 
irregularities m tho evaporation, and therefore 
m tho rainfall of laigo areas The continuous 
cun out of heated an which ascends m tho 
region of the tropics and flows towards tho 
poles carnos with it a full complement of 
moisture and distnbutos it when tompeiaturo 
I and other physical conditions determine 
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The precipitation of the moisture in a district 
varies greatly with its situation, the configura 
tion of the sui rounding country, its altitude, 
and the direction of the pievailmg winds 
Where the latter are charged with moisture 
through ci obsing laige tracts of open water the 
rainfall on the hist high ground encounteied 
lull naturally be heavy 
On the other hand, the rainfall of a district 
is small if the prevailing winds ti averse a 
laige tiact of land and thus become depleted 
of then moisture An example is obtained 
if a stiaight line be diawn fiom the east 
coast of the United States at latitude 35° to 
a pomt on the west coast at latitude 45°, 
the variations of rainfall with longitude being 
as follows 


Longitude 

Rainfall 

Longitude 

Ramfall 

75° 

60 m 

107° 

14 m 

79 

45 „ 

115 

15 „ 

87 

40 „ 

H9 

15 „ 

95 

30 „ 

123 

50 „ 

103 

17 „ 

125 

100 „ 


The obseived lainfall of the Foith valley 
above Queensferry affoids an excellent illustra- 
tion of the effect of altitude on precipitation 
There the values vary fiom 28 mches at 


Queensferry (sea-level) fco a maximum of 
110 inches at a height of 2300 feet above 
sea-level at the western end of Loch Kali me 
some 50 miles distant 

These numbers do not represent the extreme 
prenpitation values, which range from practically 
nothing over the deserts of Africa to as much as 
600 inches m the Himalayas 

A striking case of unequal distribution of lainfall 
is supplied by the rainfall of Western India At 
Bombay at sea-level the rainfall is about 76 inches , 
at a station situated on the Western Ghats about GO 
miles distant 546 mches was actually measured 
Farther west but still on the Deccan plateau at an 


elevation of uoailyiOOO fool the plot ipilaliou was only 
about 20 mches, tho wind, d< ptivcd ol the gnat bulk 
of its moisture bi ul< n, being 11* on umipanilnoly <hy 

(u ) Annual Vunatum^ of Rainfall — In 
addition to the very unequal disl i ilmbou of 
rainfall fiom point to pomt mid hum to area, 
great in egulantiert oeeui fiom yem to yoiu 
over tho same aio«x 

If over a long senes of yeais a selection is 
made of the wettest yeai on iceoid it may be 
expected to have a mmlall oi 51 per cent 
above the average, while the duest yeai will 
be 40 per cent below There is thus a lango 
between the two equal to 91 portent oi the 
mean annual jamfall When tho average 
rainfall of the two omiHoeulivo wettest voaiN 
is taken it will be about 35 pci cent above tho 
mean, and that ol the two duest. 31 per cent 
below that amount, with a latige, tlieiefoie, 
of 66 pei cent of the mean rainfall If the 
period be increased to throe consecutive von in 
the average foi the wettest yeais will bo 1 27 
and foi the tluoe d r lost yeais 0 75 oi the mean 

Fiq 1, which is taken from the paper read 
by Sn Alexander H Bimuo holme the 
Institution of Civil Mngineeis in 1893, on 
“Average Annual Rainfall,’' shows lmw the 
deviation from tho mean annual nun full 
of tho avorago lainfall over a number oi con- 
secutive years diminishes as tho included 
consecutive pound moi eases, 
until after about llmly-hvo 
yeais it approximates to the 
total mean value 

From this ligme U nmy he 
observed that it. is possible In 
have a senes, sa\, of live non 
fieeuhvo yeius m which the* 
rainfall amounts to only 84 pei 
cent of the mum fall of the 
district, a eiieumstame which 
possesses special significance 
when calculating the possi* 
bihtiCB ol (he supply of watci 
to be* obtained 

(ui ) Heammil Do whoa*} of 
Rainfall - -In the lempeude 
climate ol the Ihituh Isles, 
whore Die y ax eminot ho 
divided sharply into div mid 
wet seasons, the monthly uunfall forms Iho IxmI 
means of compamon between one period of iho 
year and another I*\<) l 2 has he on prepared iiom 
tho Greenwich reraidu of tho years fiom 18(11 to 1891, 
and shows that February, Maroli, and April me low 
months of less than 2 in fall, that Januiuy, May, 
and Juno aro noimal months , that the liiml six 
months aie high months, and that tho maximum 
variation above and below does not oxoud 25 pm 
cent of the average monthly value 
The rainfall on the Western Ghats, already men- 
tioned as an instance of nregulai dmtulmtion <nei 
neighbouring areas, i<* also an excellent example of 
seasonal variations The bulk of tlm ram here fails 
generally m three iKnods tiro first burst, lasting 
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pi i haps foui Iren days, occur i oaily m June, then 
the big monsoon fiom about the middle of July to the 
middle of August, mil the final bnist dunng Keptcmbei 
and Oitobei Dunng eighty days 546 in has been 
imasuiul at one ol the gauges on these hills about 



TPia 2 

MOO feet above 11 to sen, l lie gieatcst weekly fall 
being 110 in Only a It vv seattoiecl showcis, 
amounting on the avciagc to about 1 m , fall 
dunng the diy season, which < oumsi* of the remaining 
months of the ye.u 

§ (3) Raijn G utols 1 — Tho average lamfall 
on a catchment aiea ih estimated by rain 
gauges 

It is obviously impossible to constiuet a 
i am gauge which shall m ail eases catcli all the 
mm that falls It is however possible, by 
a clue logaid to tho selection of a site, to the 
method of fixing, and to tho piopcr main- 
tenance of and logular attendance on the ordi 
ntuy Hlandaid gauge, to onsuto that valuable 
inhumation is available concerning the ram- 
fall ou a given eatehment aiea As many 
gauges as possible must bo used, and these 
situated m places lopiosontative of tho 
dill ei out clevalions and conditions to bo 
met with m the distnet under investigation 
hi oi dei that the cycle of valuation may 
bo complete it is suggested that gauging should 
ovl end ovei Unity live yeais m thereby 

^ (U (Au'omiFNT Arwa — In estimating the 
posHibditieH of a water supply from a certain 
district it ih necessary not only to asoeitam 
the nuniall but also to amvo at the extent 
of what is known as tho catchment aioa oi 
guthoung ground available for the supply 
This rumpuses all tho oountiy the drainage 
of which converges to the point selected as 
Hie (hstulmtmg centre of the supply Tho 
area is usually expressed m acres or m squaie 
miles of (110 acres Us extent may be 
measured fiom a topographical map, if such 
is available, showing the watershed and 
divide, along winch dunnage for adjacent 
areas separate Otherwise a close approxima- 

1 Moo “ Meteorological Instruments,” Vol. Ill 
VOL, i 


| turn may be found on an orchnaiy map by 
J maiking the aiea boundaiy as passing midway 
between the appaienb heads of tnbutanes 
of ncighbounng watercourses drainum mto 
diffeient sticam systems 
§ (5) Volume oir Raixjtall — The volume 
of watei falling as ram on that area mil then be 
given by the pioduct of the catchment area 
into the annual rainfall Since one acre 
contains 43,560 square feet, a rainfall of 1 m 
on 1 acie repiesents a volume of 3630 cubic 
feet oi 22,622 gallons 

% (6) Rue-oit —While rainfall is the source 
of all water supply its volume is not the direct 
measure of the quantity available for a leqmred 
supply When lam falls upon the giound a 
portion sinks into the soil the remainder 
runs off the suiface mto the catchment basin 
oi lemarns for a time on the surface The 
quantity which passes into the ground depends 
upon tho confoimation of the surface, and the 
porosity, depth, and degree of saturation of 
tho material comprising it Part of the 
ground watei contmues to smk and finally 
hnds its way to the nearest stream valley, 
hut part is retained by the roots of vegetation, 
being converted mto cellular fibre or exhaled 
as vapoui from vegetation or from the surface 
into the atmosphere If all the water which 
is consumed by vegetation or which is 
vaporised from the surface is included m the 
term evaporation, then the -volume of water 
available foi a lequired supply will be the 
volume of the rainfall on the catchment area, 
loss the volume of evaporation over the same 
aiea When this quantity is expressed as the 
volume which passes a given point continuously 
it is teimcd the flow 

§ (7) Evapopation — An approximation to 
tile flow may be deduced from the diffeience 
between the lamfall and the evaporation if 
those are known The latter may be computed 
on the basis of monthly ratios to lamfall, which 
vaiy accoidmg to the requirements of vegeta- 
tion, tho capacity and condition of ground 
storage, and the temperature The monthly 
rate of evaporation is represented by the 
expression 

e—a-\-t>r , 

whore a and b have values which change with 
the month, fiom about 25 and 01m January 
to 3 0 and 0 3 m July for a and h respectively, 
while q is the monthly evaporation and r the 
corresponding rainfall 

A temperature correction may be applied so that 
tho values obtained as above for a drainage area 
with a given mean annual temperature T can be used 
to detoimmo those for other latitudes of temp t° 
The values determined for the monthly evaporation 
c are multiplied by a temperature factor expressed 
by ( 05 1 - c), where i is the mean annual temperatuie, 
and c is a constant which reduces the expression to 
unity whan t equals the mean annual temperature T 

2 K 
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cotiA-Oe — The undulations 
die drainage area exercise 
mce -upon the distribution 
Lently the stoim run oft 
im a hilly country than 
, and the rainfall lemaimng 
id storage will be corre 
Then the degree of 
n off largely depend upon 
> diamage area, since the 
3 ground determines its 
Vhere a rocli ledge is at the 
b m banks the depth of the 
?adily ascei tamable, othei- 
character is found 
3 , if practicable, to 
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May June July 

Fig 3 


able attention has also been 
3 to the influence of flora 
lfall and flow Forests and 
piobably affect the total 
ceitainly cause it to fall 
By pi o tec ting the ground 
eat of the sun evaporation 
ir immediately overhead is 
nci easing its power to con- 
e m heated and saturated 
evel and so steadying the 
country compares favour 
d land, as the many obstrue- 
l run-olf m timbered areas 
proportion finding its way 
torage Then the require- 
for tree growth is consider- 
of ci ops, veiy little surplus 
the latter case for run-off 
* season The effect of the 
equalising the flow is shown 
of Fig 3 The measured 
a inches is set up from the 
n the resulting curve is set 


down the sum of the estimated evaporation 
and the measured run off Wheie the final 
oidmates fail below AB a flow from the ground 
stoiage takes place, and wheie the balance 
is m favour of the lainfali the ground storage 
benefits The lowei portion nl tho diagiam 
represents the vanation in tho giound stoiage, 
satuiation being complete dui mg only four 
months 

§ (9) Gauging of Stream Flow — While it 
is possible, as lias been shown, to deduce the 
total run-off or stioam flow from a drainage 
aiea hum the differ onco of iam- 
fall and the computed evapora- 
tion over that aiea, tho exact 
determination of the supply 
available fiom clay to day and 
month to month can only be 
obtained by a system of sticam 
gauging The method adopted 
will depend upon the volume 
of Avalci which lias to bo 
measured 

(i ) Notch MectbuiemenU — 
When the stioam is small, 
measuiement by notch or weir 
can he used The wen is generally 
constructed of planks and the 
notch is fonned m an non plate 
screwed to it, and may be oithei 
the light angled tnangulax type 
(foi small quantities) or root 
angular The weir and face of 
the notch must bo vertical and 
peipondicular to tho dneciion 
of the stream, with a deal 
discharge into the an If tho 
notch is rectangulai tho sill must 
ho hou/ontal and of a length 
not less than three times tho head above the 
notch measured to still water tfiq 4 shows 
the arrangement of a standard sharp edged 
w r en 

For acourate work measurements of tho 


Aug Sept Oct, Non Dec, 



head taken m a flowing stream aio inadmissible 
To minimise the effect of oscillations of the 
surface and to avoid the disturbance produced 
by an immersed object m tho stioam a well 
should be made at a sufficient distance behind 
the weir m the bank of tho stioam and 
connected to it by a pipo opening out 
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flush mill the appioaeh channel and at 
right angles to the direction of flow The 
P required head is the height 

TP| of the surface of the water 

m tins well above the 
level of the srll or the 

1 bottom of the vee 

This height may be con- 
~ vemently measured by 

• means of an anchored float 

cat ry mg a scale and using 
/ and falling m contact with 

r a fixed index whoso level 

:s is known, or canymg an 

index winch moves over 
a fixed scale A moie 

4 exact method is that of 

the hook gauge shown m 
3S.-S- J?i{f 5 

" - - A hook is xttached to 

Fig 5 the lower ond of a divided 

scale and its position in ay 
be adjusted by means of screw till the point 
of the hook is just visible at the surface of 
the water If the index to 


[ § (10) Velocity of Flow -.For larger 

streams or rivers the weir is too cumbrous 
and costly to be used as a temporary measuring 
contrivance It is then necessary to obtain 
the mean velocity of flow which, multiplied 
y the cioss-sectional area of the stream, gives 
the discharge Q Experiment shows that the 
motion at any point m an open channel is 
never steady and uniform, and that its velocity, 
if neai the surface, may vary by 20 per cent, 
and if neai the bed, by 50 per cent m a short 
interval of time This constitutes the diffi- 
culty of obtaining the mean velocity with a 
reasonable degree of accuracy, and the mean of 
many observations is required Two methods 
may be used floats and current meters 
§ (11) Floats —These are classified into 
surface, sub surface, twin, and velocity rod 
types, and are illustrated m Fig 7 
(i ) Surface floats (a) are made of any light 
material painted to be easily seen, but not 
projecting more than an inch above the 
surface m order to minimise the effect of the 
wind The wind effect, together with the 


the scale has been fixed to 
show veto when the walei is 
level with the sill, then the 

head may he read duectly 

on the scale by the aid of a 
vernier 

(ii ) Rectangular Notch — For 
heads above 6 m, where the 

bottom and end contractions aio 

fiee and where the length of crest 



is greater than tlnce times the head, values m close 
agreement with expemnont are given by the Francis 
formula, 

Q ® *1 33 ^1) - II 1 cub ft per sec , 


whore Q is the diHoluugo in cubic feet per second, 
II is the head in feot, h the breadth of the notch, 
and n is the number of end eon ti actions, tho bottom 
being supposed to bo free in ovciv case 
(in) Triangula i Notch — Lot IL bo tho head of 



Fig o 


water above tho 
voi (ex P of the notch 
{Fig 0), then aBSiim- 
mg the velocity of 
flow at anv dopth x to 
be given by sjzg % 
it can l cuddy bo 
shown that the chs- 


ohmgo Q =*4 28 (! tan (0/2)11°, whom 9 is tho angle 
included between tho Bides oi the notch 
A right angled notch was found by Professor 
Jas .Thomson to have a ooefhoiont t f of tho mean 
value of 593 with u variation for a range of heads 
fiom 2 to 7 in. of loss than 1 pci cont, and is 
the foim usually adopted for measuring small 
quantities Tho fonnula for tho d isobar go over a 
right angled veo notch thoiefoio becomes 


G3GH§ cub ft pot sec 


tendency of the floats to follow any cross- 
current or surface eddy, lender the results 
obtained veiy unreliable 
(ij ) Sub-surface floats (b) consist of a small 
surface float fiom which a lowci float is 
suspended, the length of connection being 
adjusted so that the lattei may remain at any 
required depth In theoiy the velocity of 
the lowei strata should be indicated, but m 
practice this is not realised, the relative 
position of the lower float varying with the 
direction and velocity of the wind and with the 
length of connection between the two floats 
(m ) Twm -floats (c) usually consist of two 
spheres coupled together by means of wire, 
the lowei one weighted so as to float vertically 
beneath the surface one and as near the 
bottom as practicable With this adjustment 
the velocity of the float will be approximately 
the mean velocity of the vertical column of 
water m which the instrument floats 
(iv ) Velocity rods (cl) are light wooden rods 
or tin tubes made m adjustable lengths and 
weighted at one end with lead strips or wne 
to float upright, the lower end being as near the 
bottom as practicable The velocity of the 
rod is approximately the same as tho mean 
over its depth and probably gives the moie 
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reliable measui ement of the mean velocity 
of the stream on the veitioal m which it 

floats , 

To carry out the operation of gauging 
by means of floats it is necessaiy to select a 
straight stretch of channel of about 200 feet 
in length, as nearly umfoim as possible m 
section and contannng no obstiuctions Two 
cross - sections are ranged out by wires 
sketched from bank to bank, if the width 
will allow, and 100 feet apart, these should bo 
perpendicular to the direction of flow A thud 
line is usually sketched midway between those 
two If the observations are to refer to 
different depths and different distances Fiom 
the centie of the stream the wires should be 
divided up into corresponding sections of, 
say 10 feet intervals by attaching tags of 
different colouts The floats are placed m 
the ivater about 50 feet above the upstream 
gauging section, the locus of then passage 
through the gauging area being noted by 
line markers and the times of entry and exit 
recorded Where the width of channel does 
not permit of this being done the positions of 
the floats may be fixed by the use of a theodo- 
lite measuring angles fiom a base Ime maikecl 
out on the bank 

§ (12) Current Meters — Cunont metcis 
may consist of an arrangement whereby the 



velocity is determined eithei from the revolu- 
tions of a revolving pait rotated by the 
current or by a modification of the Pitot tube 
Typical examples 
of the fonnoi 
die 

(i ) Amsler cur 
tent metei, where 
the revolving 
part carries lioli- 
coidal vanes 
mounted on a 
horizontal axis 
(Fig 8), and 
(n ) Price cur- 

* o * re?i£ meter, where 

p ia 9 a senes of conical 

cups is mounted 
mq revolving round a vertical axis {Fig 9) 

~ ‘ ' x ' , r is fitted with a guide 
™enchGular to the 
Che numbei of 


revolutions is usually indicated by t, make- 
and-bieak contact in an ('lee final < m mi 

(m ) Tho Pitot lube 1 method is well ulapttd 
for use with the higher \eloeitiei common 
m jupo flow to which its use n none confined, 
and is discussed in the section <U ding with 
that flow 

tj (13) r-uaiuivnON' OF Meters is usudh 
clfccLed by suspending the metei lioin a 
tiavelhng carnage, which tows it with u 
umfonn velocity through still watts at a 
depth of about 2 loci The time oven the 
moasuicd length, and the miinbet ol levolu 
lions of tho metei, me refolded by means of a 
chronogiaph and loim a tiling table When 
in uso tho meter should be huhjh tided m a 
snnilu nuimei to that adopted dunng its 
calibration, as the speed ol t evolution has 
been shown to vary with the degiee ol tic edom 
permitted 

Tho mot ci may be used bv holding it 
successively at certain points ju a < ms t us (run, 
oi, alternatively, by keeping it m motion 
during tho whole period of its nnmeismn 
and moving it umloimiy imin tho HUtlaee to 
tho bottom of the channel m a senes of veitteal 
or diagonal linos Tho lattei method is not 
nearly so acemate as the loimei Obseiva 
tions taken at points six-tenths or nud-dcplh 
m a senes of equidistant verticals, the mean 
volocity m each of these veil reals being 
found by applying a facim, am capable of 
giving reliable lesuits 

Simultaneously with tho velocity obseiva 
tions, soundings should bo taken irmn whnh 
tho cioss - section of the stream uui bo 
ascertained 

From tho data thus obtained is c onMim <i d 
a taimg table showing the relation ni a pi von 
point between the height of water, mb md to 
some poimanont bench mai lc, and the thsc barge 
of tho liver 

(14) Avrracib Water Hititia a\ viiahm, 
— Oaugmgs am not as a rule available nv< i the* 
period of thirty six years wlire'h hm In on 
suggested as nocessary lor complete informs 
tion a but a ratio between tho flow ol the 
stream and tho rainfall over the aien may bo 
established if one complete year’s record ol 
tho formoi is known Uy means of this ratm 
the flow during a sequence of years may 
readily bo deduced from i am fall records, ami 
tho average water supply available be 
determined 

§ (15) Met Water Kum/v Tho reliable 
procedure is to find tlio year of lowest annual 
rainfall during a cycle of, say, fifteen jems 
and to establish the daily flow (luring this \nu, 
comparison being made with tho year ol at trial 
gaugings on a basis of the effective' rainfall, 
after allowance (or evaporation has been 
made Alternatively, the general moan annual 
1 8 po § (24) (it). 
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fall, reduced by 20 pel cent, may be laLen as 
the equivalent of the tlnee duost consecutive 
years,, which in piactice is the hugest amount 
that can safely be relied upon A furthei 
reduction should be made to allow for evapoia 
lion, which in the British Isles may vary from 
10 to 20 in , and the remainder, subject 
to any claims for compensation water to bo 
given olf to streams previously supplied by 
the diamage area, becomes the flow available 
pei annum foi a proposed supply 

§ (1G) Maximum Continuous Flow — The 
most important consideration m any watei 
supply, vhatevoi the purpose foi which it is 
projected, is not the mean annual oi daily 
flow, but the maximum continuous flow, 
v Inch can under all cncumstancea be mam 
tamed ft is evident that tho natural urn ofl 
of a diamage oi catchment area, subject as 
it is to continually varying rainfall, evapora- 
tion, and giound stoiage, will itself bo of a con- 
stantly fluctuating ( haiactei If, therefore, the 
natuial flow is to moot all the demands that 
arc to bo made upon it, it follows that these 
demands must he so regulated as nevoi to 
exceed the minimum dry wcatliei supply of 
tho diamage area which thus becomes tho 
maximum continuous flow of the projected 
supply In such a case all flow m excess of 
this amount becomes of no dneet interest 
to tho engmeei and must bo allowed to go 
waste 

§(17) Storage — If, howovei, tho regime 
ments of the supply necessitate a gioatoi 
discliaige, oi if full advantage of the chamago 
aiea is to bo secured, tho watei which is m 
excess dining the wet season oi duung floods 
must bo impounded foi use m the dry season 
This is done by the accumulation m lesoivons 
of some of tho excess over tho low flow volume 


lamy days are frequent and general, and tho 
sod is always more oi less saturated, tho 
storage provided will depend on the extent 
of the fall, being greatest whero the iamfall 
is least, and langes from 120 days’ supply 
m tho North of England to twice that amount 
m the south In India, where the monsoon 
forms tho principal source of rainfall, and is 
liable to fail any one year, it is necessary 
to pioviclo storage to give supply during two 
consecutive dry seasons 

An excellent example of this rs allot clecl 
by tho Tata Jiydio-EJei trie Powci Supply, 
Bombay, whoto the total quantity of water 
required to enable the turbines to give 100,000 
lip foi ten hours darly duimg nmo months, 
aftci allowrngfor loss by evaporation, soaluige, 
and faction mpipcs and tmbmes, is 0700 million 
cubic lcct, and the combined capacity of the 
two main storage lakes is about 10,100 million 
cubic feet The excess capacity is given m 
eider that balances m years of excessive 
lamiall may make up foi occasional short 
monsoons 

§ (19) Storage Rfsi-rvoikh — ( 1 cue i ally 
speaking, the best site foi stoiage is that where 
the hugest amount of water can bo stored 
by means ol the shallowest, shortest, and 
smallest embankment If natuial lakes can 
bo utilised by the construction of a dam 
across tho effiuonl irm it is usually tho most 
economical method Notablo examples of tins 
are given m connection with tho watei supplies 
of Glasgow, Manchester, and Dundee Other- 
wise a wide and flat valley with impervious 
stiata, piefeiably lock and ending m a 
nannw gorge, should ho looked foi, The 
dam foi the closing ol tho outlet to tho 
storage aiea must bo perfectly watertight, and 
ol such a constitution as will prevent the 


during an} oi all of tho periods 
when it occurs and the utilisa- 
tion of this stored supply to 
maintain a continuous flow, 
higher than the natuial low- 
flow Storage is usually essen- 
tial to any extensive supply 
and is one of its most import- 
ant fcatuics It assisls to still 
further conserve natural re- 



sources by making use of at least a portion of 
the large and wasting flood waters, and selves 
to bring thorn under contiol, thcroby obviating 
destruction to propeity and sometimes to life 
which may otherwise result 
§ (18) Storage Capacity — The storago 
capacity which it will bo necessary to provide 
will depend not only on the proportion of 
flood water compared to the low flow intended 
to be stoied, but will bo principally aflected 
by the duration of tho longest period of diy 
weather, which may not necessarily be a period 
entirely without ram In this climate, where 


impounded water passing below, round tho 
ends, oi ovet Die top of the work 
(i ) Earthen Earns — • Formerly tho usual 
typo of dam was tho earthen embankment, 
(Fiq 10) with its core of tough, impervious 
clay oi puddle -wall earned to a sufficient 
depth to ensure perfect union with an impoi- 
vrous stratum This was backed on either 
side by hauler and less -watei -tight rpatonals, 
tho inner slopes being covered with stone 
pitching to prevent tho wash of the 'waves 
from injuring tho earth woik For embank- 
monts of moderate height tho inclination of 
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the surface it* usually 3 to 1 on tho mnei oi 
Tvater side, and 2 to 1 on the outei slope 

(n) Masonry Dam —The earthen dam, 
where properly constructed, has been veiy 
successful, but the tendency m modem 
practice is to adopt the masonry dam, at least 
where the height of the wall exceeds 80 feet 
The structure may be of coursed masonry, or 
of concrete mass, oi of concrete icmfoiced 
by steel, the necessary condition of stability 
m each case being a continuous lock 
foundation 

§ (20) Outlets — The outflow of the watci 
under proper contiol was usually piovided ±oi 
by iron pipes, ot stone or brick culverts 
carried through and under the eaitliwoik of 
the embankment Failures have frequently 
resulted fiom the leakage of water along the 
surface of these outlets, or from the fiactiue 
of the outlet caused by excessive local pleasures 
or unequal settlement The latest and best 
constructed reservoirs have outlets which aio 
entirely disconnected from the embankment, 
and consist of tunnels formed of masonry, or 
reinforced concrete, placed m an adit which 
has been xegulaily mined, the line adopted 
being either round and clear of the end of 
the embankment or at a considerable depth 
beneath its lowest point 

For the regulation of the flow the entrance 
to the culvert or the tunnel is best commanded 
by a valve tower, which may be provided with 
sluices on the outside and contain m tlio 
interior an upstand pipe connected with tho 
outlet mam, and having valves at different 
levels, so tliat delivery may take place from 
near the surface, and therefore be as free fiom 
suspended matter as possible. 

Syphon outlets are sometimes used whole 
the depth of water does not exceed 27 or 28 
feet The discharge pipe may be earned up 
the inner slope over the top of the bank and 
down the outei slope, or it may be laid along 
the solid giound from the too of the inner 
slope round the end of the whole work, as m 
the case of the tunnel outlet Valves aro 
necessary, both at the inner and outei ends ol 
the pipe, the latter being at a level sufficiently 
low to ensure that flow will be maintained 
against the friction of the pipe To guaicl 
against the accumulation of air at the summit 
of the pipe, valves suitable for the extracting 
of air and the charging the pipe with water 
must be provided 

§ (21) Settling Tank — In ordei to allow 
for the settlement of sediment and the 
interception of floatage a “ residuum lodge ” 
or settling tank is formed at the entrance 
of the storage reservoir Sluices or valves 
are provided, so that the discharge from the 
settling tank may be passed into the reservoir 
or diverted into a by -channel and thence 
passed into the waste watercourse This 


latter alternative is adopted when it is <on- 
sidered inadvisable, eitliei because oi flood 
discoloi ation oi Hitmlai masons, to ponmt 
tho watoi to pass into storage A divite 
which effects this automati(ally is the leaping 
weir When tho flow is nonnal tho oakh- 
watci channel, 
situated just be- 
low and at light 
angles to tho 
supply stream, 
collects itentnoly 
and convoys it 
to the leseivon 
When m flood, tho velocity ol (low becomes so 
great that tho watoi misses the colloeliug 
channel and passes on to waste (b'uf 11) 

§ (22) Waste Wmtk -Hnno the heaviest 
floods experienced niton oo< ui aitei a season 
of lain, when m all probability the leseivnu 
is quite full, it is necessary to anamre im a 
waste won to deal with a quantity ot water 
equal at least to the eutne flood ot tho dunnage 
aiea In oaitheu dams it should bn kept 
distinct fiom tho embankment and burned m 
a cutting in tho solid giound at one of ds 
extremities The flood watei tamed off 
should be convoyed by tho waste waleieouihe 
to the stream bed Inflow m such a muunoi 
as not to injuio the stability o| the slimline 
of the dam Whole the const! notion is in 
concieto oi masomy the Hpilhvny may hum 
part of tho wall 

(5 (23) Flow in Pipes and Open Piunneln 
In the constiucium oi a distil hiding s>s(em 
foi a proposed supply tho important lruflois 
to be detei mined include the volume ot watei 
to be passed, tho minimum size ol pipe m 
section of channel 3 equisite hu its (oiiveynnee, 
and also tho conditions involving losses of 
head and tho magnitude of tho latter Tho 
choice between pipes mid a term ol open 
conduit 01 tunnel will depend on whether (lie 
water is to be convoyed urnlei pi ensure m 
not, and hugely on tho nature oi the country 
to be tiaveisod Frequently m huge w r mks 
use is made of both methods. 

§ (24) Violixuty oif Flow in Pipes Many 
mothods have boon devised hu the measure- 
ment of velocity and volume of flow m pipes, 
Tho most accurate is that of collecting tho 
discharge during a definite time m a calibrated 
tank, but this is only suitable when the 
discharge is small 

(1 ) Clmmcal Method.— Feu* low full installa- 
tions, where Inigo quantities of water have to 
bo dealt with, use is meieasingly being made' 
of tho chemical 01 titi ation method, m wflueh 
a givon weight per mmuto of a (hemual ih 
introduced into the supply pipe and the 
quantity present at some point neuter (he 
exit is aftei wards determined and the into 
of flow" deduced As recently developed this 
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velocity 

head 


method is said to give icsults which die i 
accuiato to within 1 5 per cent 

Tlieio aie also moteis of the positive type, 
wlieie, foi example, the filling and emptying 
of a tank oi cylinder is the special feature 
and the number of repetitions in a definite 
time are registered on an indicator Or the 
volume of watei passing 
thi ough a small tuibme 
may bo mferied from the 
number of i evolutions in 
a given tune of its runner 
alter caielul calibration 
by means of the passage 
of known volumes 
(n ) Pitot Tube — One 
of the simplest velocity 
indicators is the Pitot 
tube Its essential featuie 
is a veitieal tube A (Pig 
12) of fine boxc with the 
bottom end bent at light 
angles facing and open to 
the flow The height of 
the column of liquid m the 
tube is the moasme of the prossuio equivalent 
to the velocity head added to tho statical head 
of tho tube watei outside To deteunme the 
statical head, the tube may bo turned thiough 
an angle of 90° about its veitieal axis so that 
its orifice would be paiallol to tho direction 
of flow The illustration shows a second 
vertical tube B communicating at the bottom 
end with the casing, winch m turn 1ms openings 
arranged tangentially to tho flow Tins solves 
as a statical head mdicatoi, and the differ enco 
m level at any instant between the two tubes 
solves as a measure of the velocity head, and 
therefore of tho velocity 
itself (see also article 
“ Aci onautica **) 

(m ) Ventmi Metm — • 
For measmmg large 



Pig 12, 




Lfe 


Pa” Pa 



quantities of water the simplest and most 
satisfactory method is that of the Venturi 
motor, shown m Pig 13 It consists of a pipe 
of area A, uniformly converging to area a, , 
then a short paiallol nook aftei wauls diverging 
to its full diameter It forms a section of 
the mam pipe The whole quantity of water 
passos through it and there is no obstruction 
to flow The difference of pressure which 
oxists at the inlet to the con-verging length 
and at the parallel neck, due to the accelerated 
velocity at the latter point, is measured as an 
the Pitot tube by a differential gauge connected 


to these points Then it can be shown that 
the velocity is given by the equation 

Va= v WTO-17 foet pei sec ’ 

where p A and p a axe tho piessmes at the 
aicas A and a respectively and W the weight 
of 1 cubic foot of the liquid, and the dis- 
charge m cubic feet pez second by 




The degiee of on or which may reasonably 
be expected is only about 1 5 pei cent, and 
the metei registers efficiently at almost any 
velocity 

(25) Pipe Line Losses 1 — The losses which 
occui aie due mainly to friction m the pipe 
and to faction and eddy formation at entrance 
and exit, at valves, sluices, c lbows, bends, pipe 
junctions, and at sudden alterations *m the 
ci oss - sectional aiea of tho pipe Much 
experimental work has been undertaken to 
determine the laws governing the loss of head 
resulting liom resistance to the flow of water 
thiough a pipe, as effected by variations m the 
velocity of flow, the si/e of the pipes, and by 
the degree of smoothness of the internal surface 

(i ) Emly Pipenmentb — From early experi- 
ments it was deduced that the frictional 
resistance to the flow of a fluid was 

(a) Independent of tho fluid pleasure per 
unit of area 

(b) Nearly piopoitional to the area of the 
wetted suifaco, whatever the form of tho 
cross-section A of the containing channel, 
that is, to U\ whore l is the length and P 
the wetted pcmnetoi 

(c) Approximately piopoitional to the 
square of tho velocity v of tlio fluid 

Tlio frictional leaistanco F to tho motion 
of a prism of watoi might therefore be 
considered equal to cwUh’ z , w being the 
weight of unit volume of tlio fluid and c a 
suitable constant 

If such a prism of weight equal to wlA 
moves under tho action of gravity through a 
distanco % along a channel having a gradient 
% given by the ratio h/l, the onoigy expended 
will bo wl Atx tt -lbs , whole h is the vortical 
height botweon the two ends of the pipe 

This is equal to the woik done against 
faction, and therefore 


tolAix as Fa; = cwlVv 2 x 

Hence 

u ~ C ^ ~ C Jpih 

where m is written for A/P and 0 =-(!/( This 

is known as the Ohezy formula 

The ratio A/P = (area of cross-section/ wetted 
perimeter) is termed the {< hydiaulic mean 
i See article "Friction,” § (34) 
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depth ” and is the depth the volume of watei 
u ould have if ltveie contained in a rectangulax 
channel vith a flat bottom of the same area 
as the wetted vails of the channel Thus 
the head 7f necessaiy to maintain a limloim 
flow v along a channel of length l and hydiaulic 
mean depth m would he ^presented by 


vH 


h=c 

m 

The coefficients^ or C, as used m the Cliezy 
formula v =0 Jrm given above, can only bo 
constant in the case of pipes if A w P 10 P°»- 
tional (1) to t 2 for all values of the velocity 
and of the pipe diameter, whethci Luge 01 
small, and (2) to the wetted penmetei for 
pipes of different diameters, and is m addition 
independent of the roughness of the internal 
surface • 

It is now known that none of these assump- 
tions ape warranted, though foi a time the 
compensation of eirors obscmed the tiuth 
Dubuat, Piony, D’Aubuisson, and others 
directed their attention to the true relationship 
between resistance and velocity, while D’Arcy 
investigated the effects of different diamctcis 
of pipes and of varymg degrees of roughness, 
and the mvestigators in both dnections 
sought to express their lesults m teims of a 
binomial function of v 

(u ) Reynold^ Index Law —Professor Osborne 
Reynolds evolved a lational formula based 
on the assumptions that the resistance to 
flow varied with the diameter, length, and 
surface conditions of the pipe, with the 
viscosity and density of the fluid, and with the 
mean velocity of flow through the pipe, and 
that it vaued with some powei of each of 
these factors A modification of this rational 
formula has been adopted by vanouB later 
mvestigatois, including Unwin, and is repre- 
sented by the relation 

,l ~w 


wheie h as before is the drop of head m feci 
required to maintain a umfonn velocity 
The resistance is thus proportional to the 
nth power of v and inversely pioportional 
to the asth power of the diameter d, while / 
is a coefficient deduced along with the values 
of u and x from the results of several experi- 
menters, 1 l being m feet 

Unwin’s mean values are as follows 


Surface 

| / 

r 

n 

Wrought iron 

0220 

1 210 

1 76 

Asphalted pipes 

0254 

1 127 

1 85 

Riveted wrought iron 

0260 

1 300 

1 87 

New cast iron 

0215 

1 108 

1 95 

Cleaned cast iron 

0243 

1 168 

2 00 

Old oast iron 

0440 

1 100 

2 00 


1 See “ Friction,” § (14) m 


The values of / and a mema’e with Ihn 
roughness of the surface, md \ \,m< s with 
the suifaeo and 111c lease-, with the di mietu 
(111 ) Ptatfiutl (Jonwdrntltons — In de ding 
with practical problems, how eves, it is o! ten 
convenient to ex pi ess Ihe i elation between 
the velocity and the head in the loim adopted 
by Cho/y, 

01 r C V 1 - 


wheio//2? has boon written for t ho cot flic rontU, 
and Piofcssor A 11 (hbson tm bides, m Ins 
“ Ilydiaulus and its Applications " tables of 
the values oi f and (1 eab ulutod fioiu tho mean 
lesults of the ionmilno ol Unwin, Tut ton, and 
Tluupp, showing within Ihe lange ol voloutios 
common m priuiicu then va nation with v 
and with the pipe diamoti r in pipes ol dillt tent 
types The mf<mal ton onion ol a pipes by 
meieasing the mughnoHs ol its walls and by 
1 ednemg ltnotlcctivo area, will usually im ionic 
tho value of J considerably a 1 1 01 a lew yearn* 
UHO, and must bo allowed tot when ent minting 
the diamefor necessary to mmritam a given 
dischaigo 

(iv ) Loss at &nh ante ~ This will depend on 
tho form oJ enliame adopted, the lohs ni head 
vaiymg from about 05(e’/2f/) it with a boll- 
mouth to K, where t ha pipe projects 

into the icseivoir and forms a a entrant 
mouthpiece 

Weisbaeh has shown that with a gate valve 
in a cnoulai pipe the loss in head due to tho 
picsonceof flic valve wdron tluoo-fouiths open 
would bo represented by 2f>(i'7 2c/) it , ami at 
half opening be eight tnnoH as great. 

(v ) Bonds and Blbows - If loss of hem l t«r 
represented by F(?r a /%) the following values of 
F aio approximately coiuet for losses m 
pipes of laditiH >, with bends of imlniH iv, 
making an angle of 1)0° 


R 

r 

Ml low 

4 

8 

12 

10 

20 

F 

1 20 

40 

29 

30 

20 

22 


(vi ) Loss al Brit- Tho whole of the kinetic 
energy oi jape flow w J /2f/ m usually dissipatr d m 
eddy formation when (list barged into another 
mass of water , and if disel large lakes pines* at 
a height h above kite fret* receiving hui hue 
tins height will be included in (lie loss ot head 
(vn ) Total Loss of Head The total bond II, 
therefore required to maintain a uniform 
velocity of flow v will be equal to Ihe kinetic 
enoigy at exit -I the loss by friction 111 the pipe 
-[-the losses at entrance valves, bends, or 
sudden changes m section ot the pipe, and 
will be represented by an ot (nation such as 


It 


~f(l d l i-xA 

2g\ m J 
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Hence, 


2f/ll 

~ f -! 2F Hfljm) 

We obtain thus tlie velocity due to a given 
diffeienco ot head m a pipe of given length 
and diametei Since the discliaige rn cubic 
feet per second Q=-aiea x v — {ird l li)v 9 

V2<yEL 


wo find Q = 


vd* 

4 v/ITYFh (ft/»L) 


If the length and diametei of the pipe aie 
known, the head necessary to give any re- 
quired discharge may ho determined Thus 

.SQ^l + SJM (/0»)] 

7 r*d l (f 


11 = 


§ (2G) Hydraulic Gradient — Tf steady 
flow is to bo maintained between two points 
at different levels thumgh a pipe running 
full with a velocity v, the total difference of 
level must be ecpial to the 
total loss of head Thus 
2F(w a /2<7) =IJ 

If a longitudinal .section be 
made along the line of the 
pipe and, if from a hoiiyontal 
lmo diawn through the uppei surface theie 
is set down a senes of veitical ordinates 
iepiesontmg at various cross sections the total 
loss of piossiuc per unit volume from the 
pipe enhance to each section considered, then 
the curve ft n mod by joining the ends of these 
ordinates defines the hydiauhe gradient foi 
tho pipe hue For a straight length of pipe 
without valves oi otlioi obstructions the 
gradient would he constant and would be 
represented by a straight line (Fiq 14) The 
slope of the curve giving tho hydraulic 
gradient is t unied tho virtual slope of the pipe 

§ (27) Open Channels — The formula 
ifi/mfy) is gcnciaUv adopted as a basis 
tor determining the loss oi head for a non- 
accelerated How m open channels, where 
w = (A/P) —the ratio of the eioss sectional aiea 
to tho wetted potimetoi 


and to maintain constant flow v e must 
have 

n= \/~j — C \W 

The difficulty has been to determine values 
of / oi 0 which will he applicable to channels 
having widely differing physical character- 
istics 

Bazin deduced foi 0 a value given by 
157 6/1 -1 (N/s/m) foot units, where N is a 
quantity which vanes with the char actor of 
the suilace This gives good results foi 
channels under 20 ieot wide and until velocities 
not gieatci than 4 feet per second 

The value generally used is that derived 
fiom the Gangmllet and Kuttei formula 

ioo * umts 

1 + {41 0 h( 00281/*)] (N/a«) 





Fin n 


N, again, depends on the chai actor of the 
suifaee Piobably a rational formula of the 
typo 

7 „ f h ' n _ flv n 
m * 

would most noaily lepiesont the law of channel 
flow 

Amongst others, Pi ofcssoi Claxtcm Fidler 
deter mined the values of /, Vi, and r foi such 
a formula from the many experimental re- 
sults available, and a few examples aie given 
below 


Fonn of Section 

Mat ei ial of Siu face 

n 

j 

/ 

(iieular 

Smooth in at. ooment 

1 75 

1 1()7 

0000070 

Boclaugnlar 

Smooth neat cement 

1 75 

1 107 

0000787 

Cirouhu | 

Foment and sand 

] 75 

1 307 

0000787 

Smooth brick 

1 75 

1 107 

0000787 

Rectangular 

Smooth aulilai 

175 

1 307 

0000904 

f 

Circular , 1 

Baio metal pipes with ri voted 
jointH 

j 1 77 

1 38 

0000871 

l! 

Rougli bi uk work 

1 80 

1 20 

0000977 

Rectangular 

Rough brickwork or ashlar 

1 80 

1 20 

0003322 

Circular 

Lined with fine gravel 

1 90 

1 33 

0001202 

Root angular j . 

Lined u ith fine gravel 

1 90 

1 40 

0001521 

Rubble masonry 

2 10 

1 50 

0002240 


If tho slope of tho channel be uniform § (28) Best Dimfnsions of Ciiannfl— T he 
then hjl is a constant, which we donote by %, best form and dimensions of channel are those 



506 


HYDRAULICS 


which will give the maximum discharge for 
a given slope and given cioss sectional aiea 
Now Q = Ar=C \/( A 3 /P)Y On the assumption 
that C is constant for a given surface, m older 
that Q should he a maximum we must find 
the differential coefficient of this expression 
and equate it to zero The following sections 
give the proportions thus obtained for a few 
of the common forms of channel and the 
resulting value of Q on the assumption that 
A has a constant value 

Ti apezoidal Channels — Let b = the half bottom 
briadth, d=the depth, 5= cot 9, where 9 is the angle 
of slope of the sides 
Then we have 

A=26d + sd 2 , P=2(6+d\/l+5 2 ), 


ar< tuigc ntial to i unit h,i\mg Us miltr m I lie 
\\ ilti siutaco Tin wnuunulai wc turn nluu 
i unnmg lull may lx* leganhd tin tlu limit nw ueu, 
and has a hydraulic mean <U pt h ol til 1, wlmlt is the 
maximum ioi propeily designed pnlvgoml lomm, 
and theicfore gums the nuiAimum dndmgt toi a 
fixed aiea 

Ctrculm /Sections -With a < u< ul u c himm 1 «l li\« d 
diameter, but when the wal< i-l< v< l subh iuI s a viuv- 
nig angle 9 at the oontie, Ulo condition ol minimum 
iclocHi/ can be shown to be 0 ini 0 °57 5°, 

and foi minimum thwlittn/o ~0 WumOinuxtl 0 
0—308° satisfies this latte i condition 

Tables showing the i dative dim bulges of 
tiape/oichd channels with vary mg stop< s, and 
cncular channels with diileient How levels, 
are givon below 


Slope 
of Sides 

6 

Wetted 

Perimeter 

P * 

Area 

A 

ITydi in lie 
Mean Depth 
A--P— m 

Velot If V 
eoo v'/u 

Plmluigt 

Q ro cA\'w 




Trapezoidal 



1 to 0 

90° 

4d 

2 d 2 

d/2 

Jit/ 2 

2d* 3 vV/2 

1 m 5 

63 

3 47 d 

1 74d 2 

„ 

„ 

17 id 3 „ 

1ml 

45 

3 66d 

1 83d 2 

99 

„ 

1 83d- 3 „ 

1 in 1 5 

34 

4 21c? 

2 lid 2 

97 

I* 

2 lid* 3 „ 

1 in 2 j 

26 5 

4 94d 

2 47d 2 

” 

»» 

2 17d* 3 „ 

Depth m 



Circular 



terms of 2r 







1 

74 

1 286r 

163r 2 

327r 

504 \/r/2 

082/ 2 sj) 12 

3 

133 

2 318r 

792r 2 

342 r 

828 „ 

{)5<ir a „ 

5 

180 

3 141r 

1 571r 2 

TOO? 

1 00 „ 

1 *57 / i „ 

81 

256 

4 480r 

2 720r 

(K)8r 

1 JO „ 

3 00/ 4 „ 

95 

308 

5 382r 

3 083r 2 

B72r 

X 07 „ 

3 20 b 2 „ 

100 

360 

6 28r 

3 14r 2 

500/ 

I 00 „ 

3 1ld „ 


and remembering that A is constant wo obtain, on 
substituting in the value Q from these equations and 
diffeientiating, as 
the condition for 
maximum dis- 
chaige, the lesult 
that 

(1 M 2 )d 2 = (ZH *d)\ 

Pig 15 and m tins case Uio 

sides of the channel 
touch a circle of radius equal to the depth of the 
channel having its centre m the surface 
The maximum discharge in terms of 6 and s bo 
comes 

n 0.^(2 vT+>- s ) r 

, * vt 

V2( sjl -f-5 2 — s) - 

and for a rectangular section where a is 0 

Q=C\%J 

Semicircular Channel— The hydraulic mean depth 
of any polygonal channel where A is constant is 
greatest when the sides and bottom of the channel 


§ (29) Utilisation ok tSirpPLY The supply 
of watoi which has boon cloloriumod by l ho 
methods described and brought imdoi u’mlnd 
may either bo utilised ioi l, ho potential onot&v 
it contains oi distulmted lor various domestic 
and commercial purposts The polouhnl 
energy of any stoic of walor m mouMtuod 
by the pioduct ol tho fall 11 (m fed) which it 
would make m its dosconf fiom a Inghei to 
a lower level, multiplied l>v l ho weigh! of 
water which may bo uliliHod per unit lime 
If W he the weight of water dohvoiod poi 
second the thooiotioal energy pm 1 second 
— Wlf ft -lbs, and is equivalent. to a ( Ik on ti 
cal horse-power of (1/550) WH, 

On the basis of a moan annual rainfall of 
30 inches, and an average available fail of 
50 feet, 240,000 million foot-pounds of energy 
would bo available per annum per square 
mile of guthormg ground If d was possible 
to collect and utilise half of this oneigy 
throughout a normal working year at an HO 
per cent efficiency it would represent a total 
of 10 h,p, per square railo Professor A lb 
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Gibson estimates tlie water powei available m 
the w oild as exceeding 200 million lioise powei, 
while the* amount available and developed m 
Amenta and Bntain has been given as follows 

Bn vKn HoAse-powlr 


I 

i 

A a (.liable 

Dov eloped 

CClit 

Developed 

United IStatcs 

Million 

28 1 

Million 

7 

24 9 

Canada (North) 

18 8 

1 7 

0 2 

Canada (South) 

8 1 

1 7 

21 3 

Cheat Britain 

96 

08 

8 3 

Em ope 

315 

1 

60 

! 17 4 


These numbeis xepicsentmg the available 
power can only be regaided as vciy approxi- 
mate, and so far as they relate to this eountiy 
include much o± the supply necessary foi 
domestic pui poses, oi which must bo con- 
seived loi liado and commoreial pmjioses 
The daily i ate of consumption undei this head- 
ing vanes bom about 20 gallons pei head of 
population m Slieflield to 70 gallons m Paisley, 
and pi o vision leq cures to be made so that, m the 
event ol the emergency of hie, the supply pci 
hour may exceed this by as much as 50*per cent 
The total available water supply is fox 
commeicial and domestic pmposos capable of 
being supplemented by the use of veils and 
underground lesoxvons, which, however, neces- 
sitate the use of pumps, and do not add directly 
to the powei lesomces of the country 
The following aio mentioned as a few 
typical examples of tlie largest powei installa- 
tions which have lecently been mado 


of a system of duplicate tidal basins capable 
of working at all states of the tide and there- 
foie without stoiage plant Theie aie several 
options with either method 
( 1 ) Smqle Tidal Basin —When a single tidal 
basm is used water may be impounded through 
sluices dunng the rising tide and, when the 
sea-le\el has fallen a poition of its range, 
allowed to operate the turbines at a nearly 
constant, head until low water If the curve 
ABC (Fig 16) represents the sea-ievel on a 
time base, then ab shows the level m the tidal 


B 

Eig 16 

basm, on the supposition that the rate of fall 
is kept constant and the head is neaily equal 
to &B throughout The pouod of woikmg is 
represented by a l b l and the mteival of idleness 
by the tide period A 1 C 1 , less a 1 b l An mcira&e 
in the woikmg head o m only be obtained by 
moans of shortening the penod of operation, 
and the maximum output will be obtained 
when the head is approximately lialf the tidal 
range An increase m output may, however, 
be made by utilising both using and falling 
tides, the arrangement ol tlie water passages 
permitting the use of the turbines with a flow 
from either side of the wall m which they are 
set, oi duplicate inflow turbines aie provided 




Undei taking 

Oountiy 

Woikmg Head 
(ft) 

No of Units 

Total Output 

B 11 P 

Trollliattan (Station 

(Sweden 

106 

8 

100,000 

Kcobuk Pou er Station, Mississippi 

US A 

39 

16 

210,000 

Cedar Rapids Station, Montreal 

Canada 

30 

12 

129, 600 

Am a Plant , 

Noi way 

2300 

6 

141,000 

Tata Plant, Bombay 

India 

! 1600 

6 

81,000 

fix itish Aluminium ( b , Kml< >c hleven 

Scotland 

900 

11 

36,300 


*5 (30) Tidal Power — Pei baps the greatest 
source ol water-po^oi is to he found m the 
daily at turn of the tides of the ocean Tw ice 
eaoh day, due to the gravitational attraction 
of the sun and moon, great masses ol water 
become possessed with an enetgy of position 
wliuh it is possible to convert into work 
While the practicability of such a project is 
assured, tho desirability and expediency 
becomes entirely a matter of cost The choice 
of methods lies between the uso of a single 
tidal basm divided fiom the sea by a clam m 
which are placed turbines, having intermittent 
periods of working separated by more or less 
lengthy intervals of idleness and equipped 
with suitable storage plant, and the adoption 


The woilc done pei complete tide "would then 
bo approximately 50 pei cent greater, the idle 
period shorter, and the stoiago plant neces- 
sary would be correspondingly reduced 



Another possible modification is where the 
water during both rising and falling tides is 
allowed to flow through the turbines and to 
adjust its own level. If ABC (Fig 17) lepre, 
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sents the sea-level, the level in the tidal basin 
would also show a cyclical vanation as at abc, 
the woikmg head being the mteicept between 
the two curves At their intersection points 
ab the head is zero, and lor an mteival before 
and alter these points the turbines will cease 
to function The working period and the 
possible output per tide is gieatei with this 
arrangement, but the variation of head, with 
all its disadvantages, is veiy large 

(n ) Two Tidal Ba^ns —When the installa- 
tion consists of two tidal basins, power may 
be developed continuously by allowing flow 
through turbines to the sea to take place 
fiom one called the upper basm dunng the 
lower portion of the tidal fall, while the other 
or lower basin is emptying thiough its sluices 
Plow from the sea through the tui bines to 
the latter occurs dunng the upper portion of 
the tidal rise, and meanwhile the uppei basm 
is being filled through the sluices This is 
shown diagiammatically m Fig 18 In 
addition to the cost of jiroviding two tidal 
basins this method necessitates duplicating 



turbines, w r hile the output is not laigor than in 
the best of the single-basm systems 
Whichever form is adopted the cost per 
horse-power will vary, other things being equal, 
with the tidal lange Because of this and also 
because of its favourable configuration, much 
attention has been given to tlie estuary of the 
Severn, the mean range of spring tides at 
Chepstow having the high value of 42 ieet 
and of neap tides of 21 feet, as compared with 
the average value around the coast of Great 
But am of 16 4 and 8 6 feet respectively 
It is estimated that if an aiea of 20 squaio 
miles could be utilised at the spring tidal lange 
of the Severn the average daily output woikmg 
without storage jdant would approximate to 
10 million hoise-powei hours 
The principal difficulty, however, in con 
nection with any tidal-power soheme lies m 
the lelatively great fluctuations m head Tlie 
cyclical daily variations may be provided for 
and continuous opeiations ensured, but the 
great relative differences between spring and 
neap tides force the choice of eithei designing 
for the minimum head and thus utilising only 
a small propoition of the available energy, 
with a consequent increase of the power unit 
cost, oi of adopting some equally costly form 
of storage While this is so the vast possi 
bilities winch await a development of tidal 
power at a reasonable cost makes it imperative 


tbit the investigations at present in piogies* 
sliouhl be continued until mkuhs is at blend 

II Availability of Wvmt Sum ms m>h 
J*owfk or oTiii'ih Purposes 

§ (31) Pumps — in mdei (o utilise dim tly a 
supply of water there must be in addition In 
an adequate quantity an available In ul tap 
able of being conveited into pouts m ustd m 
ovoi coming lesistamo dunng its dint nbul ion 
foi domostrc, Undo, oi uiigitmn pur posts 
When the supply does not possi ss (lie mpusito 
head it can bo aoquued by the laismg oi Urn 
watci fioma lowei to a higher level by means 
ot a propeily designed mac lime, and is termed 
Pumping The powoi oi tlie mat lime or pump 
must bo sufficient not <mlv to i use live 
ieqmred amount m a given time but also 
to ovoicome tho vanous lesrstames to How 
encountered in the pinions These i minis! 
principally oi tho hut-ion ol tho pump and ot 
the in lot and dohveiy pipes The nature and 
magnitude of tho pipe line losses have ahead y 
been dealt with m discussing the loss of head 
incidental to a gravitational supply The 
chaiaotoiistios, losses, and effluent y of tin 
difleient typos ol pumps will now be treated 
in turn 

§ (32) Scoot Whirls, supposed to have been 
used by the Ohmese m veiy remote limes, 
are still m ojioiation m the hen (induct and 
also m the lowlands of Holland* whom huge 
volumes oi wafei have to lie lilted to eom puta- 
tively low heads of 1 to l> Ieet In some of 
the iccent examples they have been capable 
of dealing with 300 to 100 tons per minute 
against a head of f> to 0 feel, tho diameter of 
the wheel being 30 feet by 5 feet wide, mid the 
number of revolutions fi> pel tumid o* Tlu* 
entrance of tho water to tlu* wheel is con 1 1 oiled 
by a sluice gate winch delays the contact of 
wheel and watoi until tho vanes have nemly 
reached tho bottom of then path The tail 
sluico may either bo adjustable about a him 
zontal axis at its lowei end or fieo to take up 
a natural position as determined by the 
discharging stream Tho efficiency ol the 
plant including tho drive vanes hum (>5 to 75 
poi cent, depending upon tho ratio oi the win ol 
diamotor to tho lift Uentvrally h [ leaking, the 
largor tho diamotor for a given lift II the men 
efficient is tho pump, and tho usual ptopotlum 
is that tho diamotor is ItWlI 

§ (33) AKoiriMTmBAN Ncutiow.- It is hit mg m 
the case of this obsolete typo that as there is 
a rocoid of its use in Egypt hot mo 11 mo’s time, 
so the largest and possibly tho last installation 
of importance should bo that at Kniut-bnh in 
1881 It consisted of ton. sets of Screws each 
designed to raise 25 tons of water pm rovoiut urn 
against a total head of 12 feet, which, with a 
speed of 6 revolutions poi mmuto, lepicHeuted 
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120 h p pei sci gw The plant was not a 
success and was soon teplaccd by anotliex 
type In the designed arrangement a helical 
sciew rotated about an axis inclined to the 
hon/ontal at an angle less than that made by 
the sin face of the helix, and was contained m 
a closely littmg tube, the lower end being 
immersed m watei On rotating the screw, 
the watei tended to mn down the surface of 
the helix by reason of its gieatei inclination 
and consequently passed up the tube emerging 
at the top in the head watei Under favour- 
able cucumstanccs an efficiency of 75 per cent 
has been reached 

§ (34) Jti'omiociTiJsa Pumps — This im- 
portant class of pump consists essentially oi a 
eylmdei m which the iceipiocatmg motion of a 
bucket, plungei, oi piston, oi a combination of 
these, is used to lift watei dneetly, by the 
action of suction or of piessuie On the up oi 
suction stroke of fho pump a paitial vacuum 
is formed beneath the plunger oi piston, and 
atmospheiic ptcssuio acting on the fiee suifaco 
of the supply produces flow in the suction 
pipo A volume of watei equal to the 
displacement of the plungei is admitted to 
the pump chambci thiough a foot Ruction 
valve which on the down stioke closes auto- 
matically while an equal volume is transferred 
to the pressure sido of the delrveiy valve 
Where the arrangement in eludes both bucket 
B and plunger p, as m Fiq 19, tho water 
displaced on the 
down stroke 
passes through 
lift valves v m 
bucket, and a 
volume equal to 
tho displacement 
volume of the 
plunger is dis- 
charged through 
D On tho up 
stroke a dis- 
charge equal to 
tho difference of 
the bucket and 
plunger displace- 
ment volumes 
takes placo 
When tho 
pump is of the 
typo shown m 
JFuj 20, having 
Pro li) a piston and 

plunger, then 
dunng tho in stroke a volumo of wator equal 
to the volumo of tho piston displacement is 
passed through tho discharge valvo D, but a 
portion of this is simply transferred to tho 
opposite side of tho piston Tho actual 
discharge din mg this stroko is only equal to 
the plunger displacement volumo On the 


J 

• 




r 


-jj 

r 

A* 

-T a * 

1 L 

r4 


'v 

A 

ft 

i 


. j. i 

1 

. i. 

l 


' s 



J 

h* 


h K 

c 

i 





out stroke the delivery is equal to the differ once 
between the volumes of the prston and plungei 
displacements In each case, therefore, tlio 
discharge is divided over the two strokes 



Let h g =licad of lowest positiou of plunger abovo 
the lower water suifaco 

ha =head of uppei water surface abovo lowest 
position of plungei 
/i A = atmospheiic piessuie head 
7i/=head required to oveioomo friction of 
suclion pipe 

4 a =hcad required to produce acceleration of 
suction water column 

Tho pressure head available to pioduoo flow m tho 
suction column =A a - h 8 and must be not less than 
ha I ~kf 

If the flow is small li a -bhf will nearly equal 0, 
and h a may neaily equal 7i^or 34 feet approximately 
In practices h A - h 8 represents a head of about 10 feet, 
and h a is not gi eater than 24 feet 

If A=aieaof cross-section of bucket oi plunger m 
squai o fc et 
L —length of stioko 

W —weight of cubic foot of water m lbs 

Then WA hg -weight of water displaced during Auction 
stroke through a distance L feet 
WA7i(i =s= weight of water lifted dunng delivery 
strokes through a distance of L feet 

Therefore tho total wmk done pci cycle 

«WA(/M ha ) L foot ( -lbs -WAL7 * l foot lbs , 
wboio h L =>h a | -ha » total lift 

With tho bucket typo pump, suction and 
delivery takes place dunng tho up stroke, 
the return stroke being idle When a plunger 
is used suction takes place during up stroke 
and delivery dunng return In either ease 
delivery is intermittent and occurs dining 
alternate strokes Where a bucket pump is 
converted mto the combined bucket-a ini- 
plunger typo by the enlargement of tho 
bucket roc! tho work done per oyelo remains 
the same, but a dohvoiy, equal to tho difference 
of the volumes swept through by bucket and 
plungei respectively, occurs dunng tho suction 
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stioke, while the remamdei of the bucket 
volume is discharged dunng the down stioke 
Foi equal dischaiges on the two strokes tho 
area A of the piston or bucket should be twice 
the area a of the rod or plunger ** 

To equalise the work done during the two strokes 
of the cycle, when, the pump is vertical and tho weight 
of the reciprocating parts is Wjj, tho following 
relations are necessary 

W [(A— &)h(i -{--AAs] 1 i-Wj) = Wct/ifj! — Wj) 

, „ t A(hd+7i 8 ) 

and * ox 

W ha 2ha 

§ (35) Single- and Double-aoting Pumps 
— Where suction takes place during one stroke 
only of the cycle the pump is said to be 
single acting, though the flow is continuous 
This type may be conveited into the double- 
acting type by the duplication of suction and 
dehvery valves, so that suction takes place 
during both m and out strokes of the piston 
If the pressure head agamst which delivery 
is taking place is high or the water being 



from /oio at A Lo a maximum al B, lulling 
again to /ci o m G ami lem.umug mu <Iuj mg 
tho ictuin stioke On tho deliveiy sale Ihoio 
is no velocity dunng tho pound fmm \ to 0, 
aftoL which it begum to im<, loathing a 
maximum at l) ami thence hilling to /cm a I B 
These fluctuations ol velocity may ho 
modified by the introduction ol a duplicate 
pump, (hawing fiom tho sumo station and 
discharging to tho same delivery pipes, but- 
driven by a ciank set at an angle ol ( )0 U wit h 
tho fust, the loHulting velocities being shown 
by tho curve AjPBGi 0 A Hi > 

. F Q H 




(n ) Variations nf Ptsssufc — Rmt o tho tlmv 
m tho suction pipe is dependent on the vmy- 
mg velocity of tho plunger, the water m that 
pipe must be subject to fluctuations ol pu hhuio 
following on tho vntymg auelcialtniiH nmu- 
sary to maintain contact. These accolotatioiiH 
m tho flow will he proportional to the piston 
acceleration a at tho same instant When I ho 
pump is dnvon from a shaft rotating with uni- 
form angulai velocity ot w radians pen soeond, 
by a crank of radius ) tlnough a conned mg 
rod of length Z, tho maximum value's of tho 
acceleration, whic'h at o equal 1 to to* 2 ?(l l yjl) t 


pumped contains considerable impurities 
rendering accessibility to packing desirable, 
the plunger type of pump is usually adopted , 
and if the pump is double-acting, outsido m 
preference to cential packing is employed 
This is shown m Fig 21 

( 1 ) Variations in Dischaige — In pump de- 
sign it is intended that the volume of water 
dealt with either m suction or m delivery 
should just equal the volume of the plungei 
displacement, and it follows that with passages 
of uniform section the rate of flow will depend 
on and vary with the velocity of the plunger 

A, B, 0, Fig 22, snows on a time base tho 
velocity curve of a plunger driven by an 
ordinary crank of definite radius, during the 
suction stroke, and will also represent to 
some scale the varying velocity of the suction 
water G, D, E is the corresponding velocity 
curve dunng the dehvery stroke, and will 
therefore he a measure of the discharge 
velocity and for short intervals of time of 
the discharge itself 

If the pump be a single cylinder, single- 
acting machine, the suction velocity will vary 
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occur when the piston is at i(h nmoi ot outer 
extreme travel positions, that is at the opening 
of tho suotion and delivmy valves, Them 
must ho suflieient futeo available at those 
points to produce the requited aeeetei ai mn 
if flow is to take place and sejniiaiion of the 
water column and piston is to he avoided 
In addition to tho aecoloi tiling head h it them 
is the foice necessary to overcome (net ion 
represented by a lioad h f In Fig 23 (a) tho 
x Sec " Kinematics of Machinery" ^ (a) (U ), 
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cuive ADC measured from 00 x as base 
follows how k a vanes, and ADCJ shows how the 
sum of 1i a -\-h f varies fiom beginning to end of 
the suction stioke The mean piessme head 
(/aa — h a ) available to balance these resisting 
forces is repiesented by FE, and the intercepts 
between ABO and FE are a measure of the 
piessme head lomammg on the plunger 
during the suction stioke If at any instant 
is less than h a + h f , separation and 
knocking will ensue 

The conesponchng diagiam for the deliveiy 
side is shown in Fig 23 ( b ) The acceleration ft a 
is represented by ADC and becomes positive 
during the lattei jimtion n f the stioke It is 
then diminished by h p the resulting curve 
being ADC*, and the resisting head is then equal 
to h tl ~k a + h f If, therefore, at any instant 
h^ka-h, separation would losult 

If separation does occur, impact between 
the water column and the plunger will subse 
qucnlly take place and piessuies many times 
greater than the normal values will he rcgis 
loied This would happen during the oarlier 
portion of the suction stroke, and if the piessure 
head resulting be equal to the delivery head, 
the delivery valve will open and dischaigo 
take place duectly from the suction to the 
delivery pipe It may also occur clurmg the 
latter poition of the delivery stroke and the 
oscillations sot up may cause the piessure 
head m the pump cylinder to fall sufficiently 
to open the suction valve so that direct 
discharge again losults In either case the 
dischaigo would bo greater than the plunger 
displacement and its coefficient bo greater 
than I Even though separation does not 
occur, a nso of piessure which is of the natuie 
of water-hammer takes place at the closing of 
the valves owing to the elasticity of the water 
column and the consequent difference of the 
velocities of the two ends of the column 

(in) An Vtweh — The xntioduction of an 
vessels on the suction and dohvoiy sections 
is a means adopted for minimising abnormal 
pressures During the first portion of the 
suction stroke, when normally the pressure 
behind the plunger is loduml, water flows 
out of the suction air vessel and the flow 
through tiro suction pipe is diminished and the 
acceleration, mid the f notional resistances are 
accordingly also 1 educed The pressure behind 
the plungoi available for maintaining contact 
is thus higher on account of the diminished 
resistance and acceleration, and the tendenoy to 
separate rs decreased During the latter portion 
of the stroke when the plunger is being retarded 
the rise in pressure of the water is clamped by 
tire surplus flow being absorbed into the an 
vohhoI Hirrulaily during the fhst portion of 
the delivery stroke the delivery column is 
allowed to acquire motion gradually by the 
flow from the pump chamber being passed in 


the fust instance into the air -vessel, and when 
retardation of the plunger takes place and the 
delivery column tends to lo&e contact with it, 
discharge is supplied from the air vessel 

(iv ) An chaigmg Device —In addition to the 
pioper proportioning of the air vessels arrange- 
ments must be made for their being kept 
adequately charged The volume of air m the 
deliveiy air chamber tends to dimmish by 
being absorbed into the continually changing 
body of water with which it comes into 
contact, while the opposite holds good m 
the suction air chamber In older to equalise 
these changes some form of automatic air 
pump is necessary, and a simple apparatus 
known as the Wipperman air charger is 
frequently fitted It is illustrated in Fig 24 
and consists of a small chamber H connected 
by a deliveiy valve cl to the an vessel A and 
by a sciew-down valve fc, normally open, 
to the pump 
chamber, while a 
suction valve a 
gives chiect open- 
ing to the an 
During the out- 
ward stroke of 
the plunger the 
pressure m H 
falls to the suc- 
tion pressure of 
the pump and 
the valve a ad- 
mits additional 
air On the le- 
tum stroke valve 
a closes and the 
delivery valve d 
opens, admitting 
a fresh chaige to the an vessel, where a relief 
valve prevents ovei chaigmg If necessary, the 
an inlet may be connected to the suction an 
vessol, where surplus air tends to collect, in- 
stead of to Die atmosphere, and is the usual 
method when an air pump is used 

(v ) Pimp Valve 6 — The operations of suction 
and delivery, as they have been described, have 
implied that the control was by means of 
automatic valves It has been assumed that 
dumig suction the inlet conti ol was by a 
valve which opened as a consequence of the 
displacement of the plunger m one direction 
and closed immediately on the motion being 
reversed ; also that the outlet control was 
similar hut opposite in action, being closed 
during the suction stroke by the external 
pressure of the dischaige water and opened 
during the succeeding stroke by the excess 
of the pressure m the pump chamber over the 
pressure head of the delivery column For 
low pressures and slow speeds the procedure 
just described is that which is usually adopted 
The valves are made of rubber or vulcanite 
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discs working against a perfoiated gud 
They are returned to their seat by the action 
of a spring or by reason of then own elasticity 



Fig 25 


Fig 26 



Fig 27 


aided by the pressuie of water above them 
and are shown m Figs 25 and 26 In oulei 
to withstand the high piessuies which have 
now become common, 
metallic valves weie 
introduced Examples 
of these aie the single 
mitre type shown in 
Fig 27 and the double- 
seated ung valve m 
Fig 28 The averago 
number of revolutions 
for pumps using theso 
types of valves is ap- 
proximately 60 pci 
minute 

The closing of valves 
is accompanied by a certain amount of shock, 
the violence of which depends on the kinetic 
energy stored m the valve and m the follow- 
ing mass of watei 
at the instant of 
closing Tins will 
vary as the lift, as 
the weight, and as 
the velocity of the 
valve All three 
are functions of the 
diameter, and the 
lift to be fully eifec t- 
lve should, m the 
case of a rmg single- 
seated valve, be equal to one-quaitei of the 
diameter By an increase m the number of 
valves, the diameter, and therefore the lift, 



Fig 28 



the weight, and the velocity may be leduced 
Suitable anangements are illustrated m Fig 
29, wheie (a) shows a quadruple-seated suction 
rmg- valve and ( b ) a three- tier Beehive multiple- 
valve box 


Whom high spi eds ,no nouMity ioi obi mi 
mg the icq mi i'd dis< h uge hj<»nl \ d\< n in 
Ubod which, by thou < ond m< turn, tond h 
modify tho slunk u milling limn 
sudden change's in the duotliou 
of How at the \alvcs Among 
the most suuessluJ ol iliem* arn 
tho Haste and (bite i mill li t\pos. 

Tlio fonnoi is a annual oom 
position valve wmkmg on a 
guide stun tanitd by the \ tho 
box, and opening automatically 
to allot (l a fine passage ol tho 
moving column oi until to the 
disehaige end oi tho pump, and is shown m 
Fig 30 v The (luloimuth mofulIi< II, ip. Fig 
30b, is fuinu'd hum a long stitp ol sheet 
metal, a pm turn being unit'd ho\oi«I tutus 
round a spmdlo, with its umei end hold in a 
slot Tho tension ol tho (lap is adjust'd hy 
altering tho position ol tho slot This luun 





fe i»i 


\iK', 

-HX'VX - s 

kid .ton, 

of valve has eoumdoiablo advantages oven tho 
oulmaiy img typo hy reason of i( h hgldnesH 
and elasticity, being vei v souNtlm* and nihud 
mg a ireo waterway without any abrupt 
changes of dnootion A hjhmhI ol 200 i rV nlu 
turns lias ])eon reached hy pumps using Huh 
typo 

Eor still lnghoi spoods moelmmeally operated 
valves aio noeossuiy, and 
Ftg 31 hIhuvm one unit 
of a Reidlor Express 
pump, whom th(5 valves 
aio worked hum a wnsl 
plate driven by an ocean 
trio on tho main shaft 
Tho advantages ol high 
speed arc nut < unfilled 



to tlm ml not imi m (,| 
^ weight and size of t 

ptunp when compared 
tho slow-speed elass, b 
Fig 31, extend to the diselmt^ 
whom, with very luj 
hits, it is of tho utmost importance to piesor 
tho constant velocity of outflow wineh folhn 
from the groatoi number t evolutions 

(vi ) Id flic wnc y reoiprooatmg pum 

of the latest types of construction, oHKumei 
varying from 80 to 86 pot cent may on hi 
ho obtained, and when Urn speed of wmkn 
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is low -well designed pump nitty have an 
efficiency of 00 pci coni 

^(30) Npi ho Variations — T he method of 
equalising the valuations m the resistance of 
the pump has alicady hecn dealt with There 
arc , m addition, variations in the external 
iuuoa ac tutting lire pump which iccpme con- 
sideiation 

(i ) Dn ei t dt wen — When tdie pump is steam- 
rluyen it may he diicctly connected to one 
oi moio steam cylinders 
/V / by a common piston md, 





so that the total steam picssim at ant in 
stout is dnoeily iiananutted to the watei 
As it is dosiiablo loi the sake of efficiency to 
use the steam expansively, and then efore with 
varying pressure, the pleasure m the pump will 
have a considerable range On the other hand, 
the resistance of tlu pump is approximately 
eonstant, and so it becomes necessary to 
intmdufc some hum of compensator tvhoieby 
suihutni ener gy is stored during the hist 
pmtmn of the stroke to supply the deheiency 
which exists in the second In Ftq 32 lot 
tlio ordinates measured from OO x to the curve 
AB(JL) he the total resultant pressures on the 
driving rod dming the outward stroko, and 
AOh the move oi less constant watei cylinder 
pressures then the shaded area included 
a ho vo AO ic presents the excess of energy 
r eq luring to be stored, and the area included 
beneath OK the deheiencv winch must be 
met in the stroke The best-known method 
ol doing so is by the use of the Worthington 
oscillating oylmdeiH, a dragiammatic arrange- 
ment of which is shown in the upper portion 
ol the ligiuo II and L indicate the high 
and low pressure steam piston a actuating 
the pump plunger V through the iod R 
To the CTOHshead 10 on the extension of R 
aie attached rods which opeiate plungers 
m the pan oE osullatmg cylinders placed 
symmetucally about the entitle lino at Q and 
Q l While the cr osshoad is moving from 
E to Iil 1 the phmgois are displacing water 
horn thou lOHpeelivo chanibois into a differ- 
ential accumulator communicating with an 
air vessel, and work is stored In travelling 
from to E a the outward displacement of 
the plungois is assisted by the pressure of the 
accumulator, and work is given out The 
work aimed and given out during each skoke 
m the equalising cylinders is adjusted to 
balance the valuation in energy above and 
below the moan required in the pump chamber 


(n) Flywheel and Shaft dtiven —Another 
class of pumps receive then motion by means 
of a ciank fiom a shaft on which is mounted a 
heavy flywheel, and which is operated directly 
by a steam engine or dnven by belt oi gearing 
flora an electric motor Heie the variations 
of speed and pressure m the prime mover are 
equalised by the action of a piopeily designed 
flywheel Such pumps are usually con- 
structed with thice pump chambers side by 
side, dnven from a common shaft by cranks 
sot at 120° with each other, and aie termed 
thiec-thiov ram plunger 
pumps The flow m this 
class is very continuous, 
and tire typo is largely used 
fox boilei feed purposes 
*} (37) Rotary Pumps — 
A pump of the rotary class 
is valuable for use vheie 

F r^c A lack space Prevents the 

D j adoption of an ordinary 

n | n plunger pump Itisvalve- 

1 less, steady m working, 
tlu 32 and its discharge is practr 
cally continuous It is 
adapted for working over a laige lange 
ol speeds at comparatively low heads, until 
widely varying discharge, and is ficquently 
adopted for irrigation pmposes It* principal 
disadvantage lies in the difficulty of avoiding 
leakage past the rotating surfaces and the 
consequent loss of efliciency This type takes 
various forms One consists of a two-part 
cylindrical casing m which revolve a piston 
wheel and clium, another employs two piston 
wheels 

The latter is illustrated m Fig 33 by the 
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cio^s-soction of a pump with cycloidal wheels, 
capable of lifting 27,000 gallons of water pei 
minute to a height of over 30 feet for irrigating 
nee fields 

The right hand piston rotates counter clock- 
wise and dnves the water from the lower to 
the uppo part of the easing the motion of 
the left-hand piston is clockwise with the 
same rosult 
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An example of the former is the Luke 
pump, shown in Fig 34, the important feature 
being the non contact method of arranging 
the piston wheel or displacer and the con- 
troller drum to avoid leakage and to minimise 
weai The displacer consists of three aims F 
machined to fit 
accniately be- 
tween a segment 
of tho casing and 
a fixed drum D 
It is earned at 
one end by a disc 
keyed to tho driv- 
ing shaft, and at 
the othoi tho 
arms aio con- 
nected by an 
a n n u 1 a 1 disc 
which i evolves 
As tho displace! 
revolves the arms fit into recesses m tho 
periphery of the controller drum C, causmg it 
to turn m another segment of the casing No 
attempt is made to secure fitted contact 
between the tips of the displacer aims and tho 
corresponding lecesses, as leakage back of tho 
y ater is sufficiently prevented without it An 
over all mechanical efficiency of 80 per cent for 
engme and pump has been obtained with this 
particular foim of lotary pump 

§ (38) Centrifugal Pumps — In a conti if ugal 
pump, pressure energy is imparted to a mass 
of water by the rotation of an impellei wheel 
The wheel is formed of a numbei of cuived 
vanes, and revolves m a suitable casing 
When the wheel is charged with water, its 
rotation produces a forced vortox m tho mass 
of the water contained, with a lesultmg 
increase of piessuie m a radial direction 
outward and a tendency to outward flow 
If the speed of rotation is sufficiently high 
the increase m pressure becomes gi eat 
enough to more than balance tho static 
head against which it operates, and ilow 
takes place This has the eflect of loducmg 
the pressure, thus causing watei to use m 
the suction pipe and enter the wheel at its 
centre 

When discussing the factors which govern 
the working of such a pump, certain assump- 
tions are usually made These are that the 
pump luns full, and that every particle of 
water enters the impeller radially without 
any tangential or whnl velocity, and loaves 
with a common velocity m a direction tan- 
gential to the periphery at eveiy point of 
discharge 

It is possible to estabhsh a relationship 
between the total lift of the water H, that is, 
the difference of level between the surfaces of 
the suction and discharge reservous, and its 
whirl velocity w as it leaves the tips of tho 


impellti moving with a line.ii vtlouly tt 0 fi 
it is assumed that Urn woik done on the pump 
is just equal to the woik done by d, and tho 
cfiicienoy theieime equal to unify 

Let Q = volume of uufir dealt iu(h jiu huond 
in t ulm U < I, 

W— ueighti }x i culm loot m lbs* 
r 0 iiul? 4 - outer and mnu r idnm ol imptlln, 
w 0 and «•*-*" velocity of wind at 7„ and 
o>— uigulai vi lowly of (b< win cl 
U = \\oilv done on the u itoi pii'Hine through 

JK l S( ( Olid 111 ft lltn 

—change pin second m its impul ti momcn 
turn multiplied h\ ils anguhu \ c tot it y 

YVQ / , n 

— ^ { w 0 r 0 wy,)w It lbs, 

and Hincc it is assumed that u\ I), while it,, /„«*, 

,, \VU . YVh> 

V ^ (««»»■) 

Hut the woik done' by the uitfei WhUI, find .linn 
this is equal to U, then hue YVfi) uvbi/fy \\ fiMI and 
U^w 0 u 0 /g 

All losses duo to eddy foim.ition, shock at 
cntianco to tn out Irom tho impeller, and 
fuc turn m tho passages uie cqui valent to an 
increase m the head aimmst wliuh pumping 
has to take pl.uc, and must b< a voided as 
far as possible 
by adopting 
tho foim oJ 
vane h c s t 
suited to the 
conditions ol 
woi lung 
(i ) Mhot l at 
F nil i/ — T i> 
avoid shock at 
c n 1 1 v, 1 h o 
direction ol 
the lolative 
velocity ol 
watei and 

vane must he «,!» 

tangential to 
the mu Taco of the vane at tin* imiei nl« e, m 
shown m Fig 35 (w), whole 

ano angle at entumee, 
v t “pouphoml velodty ol vane at entry, 

J % -ladial velocity of water at enliy 
= u { tan [i, 

^—relative velocity of watts and vane 

=• vV I /, a 

If variations m tho Sliced of (he impollei 
oceui, tho Telations expressed above ill not 
ho maintained, and shock will result, Dm mg 
its travel through tho wheel passages the 
relative velocity of watei and vane remains 
unchanged, but for tho loss taking place m 
overcoming tho frictional JCHistance of (he 
sides, and its direction conforms to tho omve 
of the vanes 



FIG 34 

within a recess m the cover 
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( 11 ) Shod at Exit — -At exit the water leaves 
the impellci at in inglo which i& the angle of 
tho vane tip, and its absolute velocity v 0 and 
i adial component f a may bo determined by a 
velocity diagram, as m Fig 35 ( b ) 

If tho moan direction of flow m the easing 
can bo taken, as has been assumed, tangential 
to the impeller circle and its velocity v, the 
stream discharging fiom any passage will make 
with it an angle 0, and a loss of energy will 
icsult, which may be represented by the 
cq uatu >n 


a £- + b ^ ft -lbs 
%j 2g 


per lb of the discharging stream, 


whoie a and h aic constants depending on the 
angle 0 and the ratio w of tho volumes of tho 
mam and discharging streams at then -junction 
(m ) Lost* dup to Kinetic Fneiqy of Discharge 
Flow — The casing simoundmg the impeller 
is usually designed to mcluclo a volute chamber 
tho ci oss-seetional aioa of which moi eases 
uniformly from A to B, as shown m Fig 30, 



and allows a constant velocity of flow v If 
free discharge, therefore is permitted to tho 
upper ioser von at this velocity, a loss equal 
to lire kinetic energy of the discharge stioam 
will occur, and havo a value of v 2 /2g ft -lbs 
pel see per lb of water 

(iv ) Fnctum Losses m Suition and Delwmj 
Pipes — In addition, the factional losses duo 
to tho resistances of tho suction and delivery 
pipes, and which aie of tho nature of those 
already dealt with m pipe flow, require to be 
allowed for 

It follows, then, that tho pressure head IT W 
which must ho developed m tho pump must 
bo greatei than the Iheoiotical value II by 
an amount sufficient to cover these losses 

(v ) Inn ease of Pressw e Head throughout the 
Pump — The steps by which the necessary 
increase of pressure is obtained may now he 
examined, as well as any modifications of tho 
primal y design having foi their purpose a 
reduction m the total losses, and therefore of 
tho total pressure necessary 

Tho actual velocity of a particle of water during 
its passage through tho impeller may bo regarded 


as made up of two component velocities, one oi 
whirl with the wheel and equal to tot , the othei 
paiallol to tho vanes, hiving a valuo ?y, which i* 
the relative velocity of tho water and vane The 
first coi responds to a lotation m a foiccel voiles 
with an angulai velocity to, and tho equation ol 
motion foi points on the inner and outer pouphciy 
of tho wheel would be 


W , o W 
2g 2g 


Picssuro diJToionee__a> 2 6y, 2 -? t 0 ) «„ 2 ~Wj 2 
W 2g " 2g 


Tho second component cones ponds to an outward 
(low paiallcl to the vanes, of the same volume, with 
the wheel at lest In this case 


Pie« -mi c dvlTei cm o py 2 - fl ?y 2 
W 2g 

_/i 2 1 Vp- Jo* Cost! 2 7 
2<J 

The total difference of pussuie p 0 - p t , tlieicfoio, 
between the irmei and outci edges of tho vanes 
is given by 

Po~P% I fp-fa 1 cose c 2 y 

”W ' 2q 


This gam of pressme may he mcic»ascd if some fi ac- 
tion l v of tho kmctie eneigy ?y */2g ft lhs contained 
m Iho water as it leaves tho impeller is convtiUd 
into piessuie hcaclm tho volute chamber, and would 
equal l v v<i */2g ft 

Furlhci if the discharge takes plat e fiom the volute 
into a pipo of giadually mcrcasmg sectional area, 
tho angle of divcigcnco being m tho neighbourhood 
of 5 1°, so that tho mean velocity of flow v m the 
voluio is changed into a disehaige pipe velocity of 
v ( i ft , the increase of lu ad hetwe on tho volute and tho 
delivery pipe will ho given by 


Pd-Pv 

W 


2g 


ft, 


and l d will approximately equal 85 
The total diffunicc of pi css uu> through the pump 
to tho delivery jape will under these conditions 
equal 

Pa- Pi W 2 I /» a - fa 2 eoset 2 7 1 l v i y 2 1 
W " 2{7 

(vi ) Voitn m Whirlpool Chamber -—Since the 
ofllcieney of tho pump depends very largely on the 
conversion of the kinetic energy of the watoi leaving 
tho impeller mto pressure energy, many devices have 
beem tried to socuio this end One of these, devised 
by Professor James Thomson, is the voi Lex oi whirl- 
pool chamber, cnoulai ancl concentric with, hut of 
huger diameter than, the impollei, and introduced 
between tho latter and the volute It is shown m 
lower half of Fig 36 Tho water on leaving the 
vanes forms approximately a hoe voitcx, ancl as 
the velooity diminishes towards tho outside of tho 
chamber tho pressure increases, assuming theio is no 
eddy losses, thus 

Po~Po Vp* -Vp* 

W 2g~ * 
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If the ratio between the inner and outer radii of this 
chamber equals 0, then v 0 jv o ~ C, and 

p 0 - Po V(l-Q 2 ) _ (« 0 2 +/ 0 a )(l - c-) 

W 2 g 2 g 

Owing to eddy formation the gam m pressure is only 
a fraction l c of this amount, its numerical value 
varying from 4 to 5 The effectiveness of the device, 
if full advantage of it is desired, is man cd by the 
necessity of unduly increasing the over all dimensions 
of the pump 

(vn ) Guide Vanes — Another device intended to 
counteract the tendency to instability of motion and 
the formation of eddies on leaving the impeller con 
sists in the introduction of fixed guide vanes designed 
to receive without shock the w iter from the impeller 
and to direct it by (livergmg passages either into a 
vortex chamber, as just desenbed, or into tho volute 
The upper portion of Fig 36 shows the latter arrange 
ment The angle of entrance of these guide s should 
be parallel to the path of the water particle as it 
leaves the impeller and equal to a ( Fig 35 (6)) if shoe k 
is to be avoided When the pump is lequired to 
work under varying conditions the angle should be 
suited to that of maximum efficiency When tins 
condition is departed from considerably, the result 
may be that the guides are a source of loss instead 
of a gam in efficiency It will be seen from Fig 35 (&) 
that the entrance angle is represented by 

a— tan ~ 1 — — 

u o~Jo cot y 

Since the velocity of tho water is at its maximum 
when leaving the impeller, and as only 
a portion of its kinetic energy can be a 

recovered though every precaution is 
taken, it follows that the velocity of 
discharge should be kept as low as is 
consistent with maintaining the efficiency 
of the pump 

Efficiency — The useful woilc done by 
a pump per lb of water may be taken 
as represented by ft -lbs , 

where H is the total difference of level 
between the suction and delivery sur- 
faces , H/ is the equivalent of the 
faction loss m the suction and delivery 
pipes , and v d is the velocity m tho 
discharge pipe The summation of tlicso may bo 
termed the equivalent head H w The woik which 
theoretically must be done per lb of water when all 
losses are neglected is w 0 v 0 jgit -lbs , and to this must 
be added L h the sum of all the hydiaulio losses, and 
L m that of all the mechanical losses The efficionoy 
7] of the pump is then given by the ratio 
gsefulw prk done by the pump per lb of water passing 
Total work done on tho pump p^TblJ^t^ passing’ 
and this is equal to 

H m 

Wo^/j7+(L m +L ft )/WQ’ 

u o(uo-fo cot y)/g + (L m + L,J/WQ 
So far as this depends on the angle 7 , it is 
evident that a reduction of 7 -will increase the 
efficiency of the pump, and 121 addition givo 
to the passages a more uniform cross-section 


It must not be foi gotten, houevei, jf Urn Ik ad 
H to ho pumped against lemnins tho sumo, 
that any de( rnise ol w 0 t dot ted by a u / 
du olio n of the angle 7 input < s an increase 
of tho penphoial spaed u 0 , with < onseqm nlly 
an inoiGam of fiutional loss hi pnuttu 11m 
value of 7 vanes fiom about 15° t o <)()'•, d ( pi ml- 
mg on the purpose ioi wlm h it is d< same d and 
the head against winch lift takes plans Dm 
maximum pomussiblo value moicahing with 
the walking head 

Single impeller pumps aio used lot heads 
between 0 and 100 feet and have an mi luul 
oihcioney of ovei 75 per eeui, antJ the o!h< irnoy 
is well maintained thiough a hotly huge lunge 
of speeds Tho Iimd net to Hie mnumum 
lift of this pump by the high speed of minium 
necessai y, and the emtHoqueutly o\u*nhi\o 
factional and eddy losses ulneh omu, have 
boon ovoToomo by the introduction ol ilm 
? (30) Compound Mm/rnum Cri vmiiui Pump 
— T his consists of a senes ol two oj tnmo 1111. 
polloi h on tho samo shalt, ea< h pumping water 
into tho central space of the nod adjuinmg, 
with tho exception ol the Iasi, which pumps 

-H 



Em 37 

I mio iho PJIWMW shown m ffiuj 

37 I ho impeller diameters and wine angles 
mo made the same for each ehamber, and 
tho total lift is equal to the lift of one slum* 
multiplied by the number ol stages, tails 
up to 15 )0 feet me possible by Dm nrim ige- 
mont Guido vanes are almost invariably 
used with the multiple type, as it is essential 
fm efficiency that as far ns possible the kmefie 
energy of clisehaigo fiom eaeh wheel should lie 
converted mio pi ensure energy befme minim 
the next ohambor In most easels (he impellers 
aio moimtod in pairs back to back, with the 
dinrtxoru, 1 >Y wlueh method 
the ond thrust which occurs m smglcvmlef im- 
peller wheels is conveniently neutralised Km 
multiple pumps tho impeller vanes are of the 

ZiTwP 0 ’ t !r ,by roducm « «>« of 

water between tho pump cmo and tho vmu'H, 
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and also the dist faction of rotation A centii 
Xugal pump before staitmg is chained with 
watei, a tout- valve being provided to allow of 
the charge being letamed To enable de 
lively to begin, the conditions of rotation of 
the wheel must satisfy the equation 

j Po Jh l'o~ o' 4 9 1 ") ir 

2g~~- 20— m 

§ (10) Other Pumus — fn the typos of 
pumps already considered the operating foice 
lias been applied through the medium ol a 
rigid solid, such as a piston oi a revolving 
wheel Tlieio is, however , an important gioup 
where the solid is dispensed with and a fluid 
m chiest contact with the water supplies the 
motive jin wer This group will now bo con 
sidored 

§ (41) Pulsometer Steam Pumps — This 
pump is closely lelatecl m fact, though not m 
appearance, to the steam reciprocating pump 
There is no piston, and the steam which is the 
working fluid acts directly but alternately 
on tbo surfaces of the water, contained m two 
peai shaped cliambois cast aide by side m 
one piece An oscillating valve common to 
both chambers is placed at the junction of 
then stems, and when the valve admits 
steam to one chamber it closes to the other 
Undei pressure of tbo steam the water with 
winch the chamber has been charged ready 
foi starting is forced through a foot-valve 
into the deliver y pipe Condensation of tho 
steam remaining takes place, expedited m 
some eases by the injection of a fine water 
spray, and the reduction of pressure which 
ensues doses tho steam inlet valve and tho 
delivery foot-valve while opening tho suction 
valve, and admits water from its inlot opening 
at the bottom for a fresh charge The same 
cycle of operations takes placo m the othoi 
chamber consequent to the movement of 
the steam valve, ho that delivery m one 
chamber synehi omses with suction m the 
other 

Tho use of this class of pump 10 limited by 
practical consults ations to lifts below about 
100 feet, the most efficient steam pleasure 
being from 15 to f>0 lbs poi square inch, though 
a lift of 170 foot has been attained with steam at 
100 lbs piosHiiio pei square inch Tho capacity 
of such pumps based 011 a lift of 20 foot vanes 
with the size from 1000 to 150,000 gallons per 
hour Its efficiency is not high, but it is a 
useful and cheap appliances for pumping of a 
temporary kind, and it has the gieat advantage 
of not loquumg any provision for fixing, being 
suspended by means oi a chain 01 rope at the 
desired level 

3 (12) Gas Displacement or Humphrey 
Gas Pump — The Humphrey gas pump boars 
a similar relationship to a gas engine working 
on tho four-stroke cycle as the pulsometer 


does to the sham engine It is a develop- 
ment 111 fhe direction of utilising the foice 
obtained fiom tho combustion of an ex- 
plosive mixture of gas and an to iaiso 
water by dnect pressure Tho action of 
the pump zs as follows At the beginning 
ol the povvei stroke a charge of gas and an, 
compressed between the end ol the combustion 
chambci G (Ftq 38) and tho column of water 
contained in tho dehvoiy pipe D continuous 
with it, is ignited by elect ncal spark and 
expands By tins means tho water column 
is sot m motion, acquiring momentum, and 
part of its contents is discharged Duo to 
the momentum tho expansion is continued 
until the prossuro falls to 01 below atmospheiic, 
when tho watei valves W connecting to tho 
suction tank ST and tho exhaust valves E 
open by suction effect, the gas inlet valve I 
being meantime locked shut Its momentum 
exhausted, tho watei column oscillates back 
while the products of combustion aio cha- 
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charged, the exhaust valve remaining open 
until closed by impact, alter which lompiossion 
of tho remaining an m tho combustion space 
takes place This is followed by another 
expansion, during which the gas mlcvt opens 
and a fiosh combustible oliaige is taken 111 , 
wlulo tho exhaust valve is looked shut Tho 
lotum oscillation closes tho inlet valve and 
compresses tho charge until tho water column 
is again brought to iest, when ignition takes 
place and the cycle stalls afresh 
II two combustion chambers are piovided 
instead of one and the inlet and outlet valves 
of the one allot nato with tlmso of tho other 
by one complete oscillation, tho arrangement 
con osponds to a two cylinder gaH engmo and 
tho discharge is approximately doubled 
Tbo pump in either of its fonns may bo 
adapted to work with a suction lift, and can 
bo utilised for operating against a high- 
piossuio head by introducing two an vessels 
sepai atod by non return valves as an integral 
pait of tho delivery pipe On test a thermal 
efficiency ol 23 per eont has boon obtained, 
which is equivalent to a consumption of 
nearly 1 lb, of anthracite per wator-horso- 
power poi hour 
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A set of five pumps of tins type, with a 
total estimated capacity of 180 million gallons 
per day and a lift of 30 feet, was constructed 
for the Metropolitan Water Board for use 
at their Chmgford Reseivoir The rate ot 
working approximates to 12 cycles per minute, 
and m each of the larger units 10 tons of water 
are delivered per cycle 

§ (43) Hydraulic Ram — The hydraulic ram 
forms another of this group, the working fluid 
m this case being water, and use is made, as 
m the gas displacement pump, of the water- 
hammer principle A valve-box B (Fii 7 39) 


Delivery Level 
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is placed m communication with a rmmmg 
stieam or supply pipe having a small operating 
head A waste valve w when open pci nuts 
of a flow being set up under the influence of 
this head until the dynamic piessur© on the 
mner side is sufficient to close it The effect 
of the sudden closure of the valve is to cause 
an mciease of pressure great enough to open 
a dehvery valve d communicating with a 
delivery pipe D through an air vessel A A 
portion of the water which escapes is used 
to compress the air m A, and a portion passes 
up the dehvery pipe before the momentum of 
the column is absorbed The pleasure m the 
air vessel reacting initiates an impulse m the 
opposite direction, the dehvery valve closes, 
and the reduction of pressure m the valve - 
box winch results enables the waste valve to 
agam open The normal flow lesumes with the 
next oscillation, mereasmg until the dynamic 
pie&sure once more closes the valve By this 
method a low-head large flow is enabled to 
lift a smaller flow through a largo head 

The efficiency of the ram depends on what 
is considered the effective lift of the dischaige 
Q If this is assumed to be the difference be- 
tween the levels of the supply intake II and 
the surface of the storage tank h d> then the 
useful work done is repiesented by Q(h d - H), 
while the work done on the ram equals q II 
and 7 } = Q (h d ~ H)/</II, whei e q — water flowing 
past waste valve 

If, however, the useful lift is regarded 
as h d) then 

Q 7^= the useful work done by the 
ram, and 

(Q +(?) H=the work done on it, and 

The values obtained on the first assumption 


aie consistently lowoi than with the scinnd, 
but even on that basis the cfliucmus wheie 
the dohveiy head does not exceed lom times 
the supply head may bo as high as 7ft pt 1 
cent Jj’oi a given supply head the efficiency 
of the lam falls nil voiy lapully with an 
metcast oi the delivery head ratio above the 
value just given IAi small charnel (‘is of 
supply pipe this type oi pump gives o\c< llmt 
Jesuits, but with laigcu hi/ch tremble is apt lo 
anse through excessive shock when (lie valve 
is suddenly closed To obviate this some- 
times an an dashpot is fitted to the waste 
valve spindle, but while 1 effective foi tins 
puipose it has the disadvantage oi lowering 
the tihuoncy of the pump, since slowness 
of closing, allowing leakage past the valve 
at the time when the velocity ot flm waste 
water is at its maximum, means a laigei 
proportional loss oi eneigy, c uni pined to the 
whole kinetic oneigy ol the water column* 
The introduction of mechanical 1 emulation of 
the valves enables this typo to be sure essfully 
applied to Urn pumping of water on a much 
larger scale and against gi oaten heights than 
is possible where automatic valves ate used 
§ (W) Jit Pumi* — The woikmg lluul m the 
jet pump is also witter, but the principle of 
working is quite chiles ont It is upended 
by the conversion of the high pt casino oneigy 
of a walei supply into kinetic energy, and 
as tho velocity is increased the piessuio 
diminishes until it may bo that a pjesmiio 
less than atmospheric* is reached. This m 
effected in tho passage of the wntoi through a 
converging noz/h 1 N {Fuj '10), which is 



surrounded by a ecmeontuo chamber (' 
communicating with the lower reservoir by 
moans of a suction pipe Tho induction of 
pxossuio at the face of tho nozzle dim to tho 
issuing jet induces flow m this pipe which 
combines with tho water from tho jet and is 
carried forward into a diverging portion of 
tho discharge pipe I) There the dynamic 
pressuio is paitly reconverted into piesKUie 
energy sufficient to maintain flow against 
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the disohaigo head The enoigy contained 
poi lb of the combined streams is 
1> U /\V I ~v d 2 /2ij, and must b< equal to II d 4- the 
losses between the vena contiacta and llio 
dehveiy siufico, wheio p ti , v d , and H d aio the 
piessiuc, velocity, and head m the dehvoiy 
}) 1]»0 

r riic squaie of the velocity ncccssaiy foi 
deb vei y vanes is ll d and is independent of 
the sin tiou head //«,, and as the loss of cneigy 
is jnnpoihonal to v d 2 it will also bo propoitional 
to IL d JPoi a given hit, thoiefoio, the suction 
head should bo made as gieat as possiblo 
The useful woi k done by t he pum p 
'' The woi k done on it 

„ Qa (Hd I h) 

(Ap-H*)’ 

wlioie Q a and Q 3) arc the Quantities from 
suction and pressure supply lcspcctively, and 
is the high piessute head 
The actu il values of 77 reached do not 
exceed 30 poi cent, and aio usually round 
about 25 pci cult 

Tins low eitieioney may ho increased by 
substituting foi tlio single - stage impact 
between tho streams a multi stage arrange- 
ment By this moans the loss of energy duo 
to whoi k when the high velocity jet meets 
the low velocity flow is substantially i educed, 
and tho offu leucy may be raised to 33 pei cent 
When tho fluid used fox the higli-pi essuie 
jet is steam the mjeotoi becomes tho well- 
known locomotive type associated originally 
with the mime of (hilaul and laigely usod tor 
boiloi ft od purposes 

Auotliox modification may bo mentioned 
wheio the above process is icvoised and a 
high-piossuio watoi jet is usod to diaw away 
steam fiom, and to maintain a vacuum in, 
tho exhaust chamber of a steam engine This 
combination is teimod an Kjoctoi (jondensoi 
^ (45) Air ijut Pump — The method of rais- 
ing wlIoi on the aeration pnnuplo is another 
example still oi the direct application of a 
woi king fluid, and has found considerable 
favour during recent ycius especially as 
applied to ai l email wells Jt consists primarily 
of two pipes, one (A, Fuf II) having its lower 
end submeiged m tho liquid to bo laised and 
its upper end arranged to chsdiargc mto a 
rosorvou at tho inquired height, and tho 
other (a) for convoying air from a compressor 
to a no/srlo n, situated m the suhmergod 
opening of the using mam Tho an is diffused 
through tho water m the uptake pipe and 
forms a mixture having a low specific gravity 
Th© piossuio of the heavier fluid m the 
surrounding easing forces tho lightei mixture 
above the supply level and out of the top of 
the delivery pipe The difference of pressure 
thus obtained doteiminos tho height to which 
tho water can ho lifted, and will vary with 


tho depth of submeision of the pipe A 
sketch of thieo alternative forms of the 
arrangement is shown m JPiq 41 

Tlie an tube may be fitted either concentric 
internally or externally to the uptake pipe 
or parallel to it To the first (1) of these 
methods the objection is raised that it increases 
tho f notional resistance to the water flow and 
consequently lowers the efficiency, but it is 
very convenient m the case of a small bore 
hole The second (2) admits of more effective 
an distribution winch is an essential ni this 
type of pump, but where the well is of large 
diameter the system of parallel pipe (3) has 
the advantage of being most readily access- 
ible and veiy flexible Broadly speaking, the 



least picssuio of an that will give continu- 
ous flow is the piopor picssuie to use Its 
approximate value is 05 lb pm square inch 
foi each foot oi lift ftom tho surface of the 
wntd 

Tho efficiency of this typo of pump is low, 
and reckoned as the ratio of water IT P 
to tho compressor cyhndei I PI P does not 
exceed 45 per cent If calculated from tho 
inchoated powoi of tho prime mover not moio 
than 30 per cent would probably be registered 
Again si tlus low efficiency must bo set the 
simplicity of the mechanism of the pump, 
its easo in setting up and the immunity it 
possesses itom the scouring and choking 
ofloc ts of sand or sediment These lattei 
considci aliens probably account for the revival 
of interest in this ingenious type of pump 

III The Application out Water Power to 
Industrial Purposes 

§ (40) The Energy oip Stored Water — It 
has been seen how supplies of water can be 
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collected from natural sources and stored, 
or made available by artificial means for the 
purpose of distribution to satisfy tlio lequne 
ments of the consumer It is with the means 
taken to utilise the power latent m a supply 
that it is now proposed to deal 

The capacity for work of a store of water 
may bo made the means of furnishing woik 
mg foices during the descent of the watei 
from a higher to a lower level, through a 
properly designed machine, w hereby a steidy 
motion of that maclune may be maintained 
against various lesistmg forces If Q bo the 
quantity of water m cubic feet pci second 
available, H the total available head m feet, 
and W the weight of 1 cubic ft of watei, then 
the Capacity for woik or Potential Eneigy 
of the watei =WQH ft lbs second, and 
this is equivalent to H ft lbs pei second 
per lb of water The ratio of the useful work 
done by the watei m its descent to the poten 
tial energy or capacity for work latent m tlio 
watei when btoied is termed the efficiency of 
the machine Machines designed to utilise 
this potential eneigy are called Hydraulic 
Motois or Pume Movers The work done is 
due entirely if) the loss of head of the watei 
during its descent, but the method of applying 
the energy will depend on the type of motoi 
selected In geneial, it consists of a wheel 
which is c aused to totate either bv the weight 
of the descending water or by the dynamic 
pressure arising hom a change in direction 
and velocitv of the moving stieam Piston 
engines, wheie the watei does woik m virtue 
of its static pressure only, form, liowevei, an 
impoitant class 

When the water enteis the wheel at one 
part only of the cncumfoience the machine 
is called a Watei -wheel, when it enters the 
entire uicumfeience more or less simultano 
ously it is called a turbine For convenience 
it is purposed to classify the various types 
into the three mam divisions (a) water wheels, 
(b) tin bines, and (r) pressure engines, and to 
consider them m that oidei 

§ (47) W VL’L r- WTT33 els — In this division the 
woikmg foice is obtained 

( l ) By the weight of the watei, pi educing 
rotation as m the overshot and hi east wheels, 

(n ) By utilising the kinetic eneigy of a 
moving stieam as m undershot wheels , 

(m ) From the impact of a high velocity 
jet of water as in the Pelton wheel 

(1 ) Oteushot 1 ] heeh — The construction of 
this type of motor, which was very general for 
small powers with heads ranging from 15 to 50 
feet, is very simple and is illustrated m Fig 42 

The water is supplied, as near the highest 
point of the wheel as possible, to a senes of 
buckets formed of shiouded vanes, and 
escapes when the outer part of the bucket is 
horizontal, which occurs bofoie the lowest 


position of tho bucket is i cached f l 

head is less than the theoiotical he «ul 
an amount wluc h depends on tins 
position, and (b) by tho amount ie 
supply the kinetic eneigy of the nt 
h is equal to tho total head thins 
then II -h will represent that ava 



useful work and tho efficiency p< 
= (II -7i)/It 

Maximum efficiency is obtained ' 
penphetal velocity oi tho wheel iw 
one hall the velocity of the nillo 
To pievont loss by shock at ontuui 
buckets tho vano angle at tlio tip t 
parallel to the lolativo motion ol 1 
and vano thoi e This angle is usual! v 
to make 25° to ‘10° with the tanjgoi 
encumfeieni e, and as a consequem o tJ 
retains water Joi a vertical distant 
equal lo 8 ol tho wheel diamctcM 
woikmg unclei suitable condition o 
uj> to 80 pei cent may bo obtained 

(n ) Ihead Wheel — Whom tho wort 
ranges hofcweon 0 foot and 15 foot 11 
is admitted to the 
buckets at some 
point situated m 
tho breast of tho 
whcelf^Vy 4.)) Any 
loss of head duo 
to the ptomuiuto 
escape of tho water 
fiom tho buckets |,q n |«j 

becomes propor- 
tionately greater, since the head ih 
is pi evented by tho budding of i 
work of masonry with a minimum 
between it and tho when 1 Preoautiot 
to those taken m tho overshot by pi 
quuod to prevent shook at entry, an 
provision is made of air vents at i 
circumJerenco of tho wheel to let th< 
as tho watei rushes into the but kota 
favourable circumstances an officio n> 
per cent may be reached 

Tho Fagabim wheel is a foim t 
wheel m which the bucket is rop) 
long Hat vanes, tangential to a cnele ci 
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with the wheel and making an angle at the 
outci tiiGuinfeience parallel to the relative 
velocity of watei and vane as shown m Pig 44 
The velocity of lotation is piopoitional to the 
flow, and the wheel is therefore capable of 
dealing with laige variations of supply Any 
men ease of the load, however, has the effect 
of slowing down the 
wheel and i educing 
tlio supply just at 
the time when an 
increase of enoigy 
is most required 
Efficiencies up to 
SO per cent have 
Fitt 1 1 been attained by 

this form 

(in) Unde) shot and Porwelct Wheels — In 
the undershot wheel adopted fox low heads 
of 3 feet and undei, wotk is clono by the 
action of a moving stream impinging against 
a senes of radial vanes set lound the cireum- 



f oi once ol the wheel, the change of momentum 
of tho water being a measure of the forco 
applied Tho wheel dips into the stream, 
tho tips of the vanes just clearing the bottom 
of tho channel A maximum efficiency of 
50 per cent is obtained with a penpheial 
velocity of wheel ono-lialt the velocity of the 
stream, but in practice the olheicncy does not 
leach more than 



35 per cent 
A modification 
of tins wheel is 
the Pont elet wheel 
(Pig 45), where 
the vanes instead 
of being ladial aio 
inclined backward 
to make an angle 
at tho Ups with 
tho cucumfor- 
oneo By this 
means loss at 


Eru 15 entrance duo to 


shock is avoided, 


while if piopcily designed tho loss of energy 
m tho disohaige stream is reduced 

Jf Vi -tho absolute volotity of watu at entrance, 
a •=* tho angle which it makes with the tangent 
to the ciicumh lenoe at tlu tip, 

*i/~”apiiiph( nil velocity of vane tip 

(a) To avoid Rhocl at Pnhanct — Hmee u and Ui 
are compklely icpiesenied by ah and cb lespcotively 
( Fig, 45), the relative velocity will be, leprcHonted 
I)y ao, and the angle /•} which it makes with vt Hhoulcl 
bo that be twoi n the vane uiul the urcumfoiouoo 

(b) Minimum Loss of kinetic Dnngu to Discharge 
Hi) earn - - Tho l dative velocity of water and vane 
oil diHchaige will also make an angle (1 with u Qi and if 
it ho assumed that them is no faction U loss m the 
bucket it will have the same value but bo opposite 
m dnei lion, and will therefore bo rcpicsented m 
the kguro by ca Since u 0 is the same as lit, tho 


absolute velocity of discharge Of will be represented 
by h^a, and will be a minimum when its direction is 
pcipi ndiculnr to and have a value of v t am a 
In this case i\ coa a—2u t 

The capacity for work of the water at entrance 
is pioportional to vp and the energy transferred to 
tile wheel to ip — vp 3 

Efficiency V = a 

Vi~ 

a is usually made equal to about 15° and the 
theoretical efficiency of the wheel is 93 per cent 
Again, since tan /3 =2 tan a, tlio value of [3 is 28 2° 

(iv ) Pelton Wheel — By far the most im- 
portant of the class of watei -wheels is that 
known as the Pelton wheel, almost invariably 
adopted for heads over 500 feet It is of a 
purely impulse type The water is supplied 
to one or more nozzles m which the potential 
energy measured by the fluid, pressure is 
converted into kinetic energy The issuing 
jet from the nozzles is dnected on to a senes 
of buckets fixed round the periphery of the 
wheel In the fiist stage of its development 
the buckets consisted of flat plates, but these 
weie latei replaced by hemispherical cups, 
fixed alternately on each side of the centre 
line of the wheel and concave to the jet, 
wheieby the thooietical efficiency of the wheel 
was doubled and made equal to unity Since 
then the improvements have been mainly m the 
direction of evolvmg a type of bucket which 
would bring the practical efficiency within a 
reasonable distance of the theoretical one 
Dor the cups theie lias been substituted a 
scries of concave buckets fitted with knife edge 
ridges so as to split the jet, and liavmg curved 
smfaces anangod to deflect it to the sides 
of the wheel with as little faction as possible 
In tins manner the cential portion of the jet 
is used with the greatest effect 

These improvements have been so successful 
that with the designs now m common use 
efficiencies up to 89 per cent are being obtained 
In addition theie is a long range of loads within 
which efficiency is well maintained, having a 
value of 85 per cent at half load and leaching 
80 per cent at one-third oi the normal loading 
(v ) Efficiency of Pelton Wheel — This de- 
pends on the velocities of the jot and wheel, 
the angle at which the jet strikes the bucket, 
and the angle thiough which it is deflected 
Wo assume, as a lust approximation, that 
the jot is moving tangentially to the wheel at 
impact and is deflected thiough an angle 
which approaches 180° The modifications 
required if tho jet is not tangential will be 
found in books on hydraulics 

Let u bo the velocity of tho bucket at the point of 
impact — the centre of the jet, 
v the initial velocity of tho jet, 
o the ratio of the relative velocity afti r impact 
to its value before, 
y the angle of deflection of the jet 
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Then 

Relative velocity before 

impact ~ u > 

Relative velocity after 
impact =c{v — u). 

Absolute velocity in tan- 
gential direction after 
impact {-c(t>-tt)cc 9 7. 

Change of momentum per 
second per lb of water 

str ikin g the wheel =v— c(v~u) cos yj- 

~(v-u) (l-ccosy}. 


Woik done per lb 
second 


per 

~ u{v-u)(\ — ccost) fi lbg ^ 
9 ’ 


Efficiency 


=17 = 


u(v-u)( 1-c cos 7) 
(jh 


To find for what value of u the efficiency is 
a maximum, assuming c and 7 independent 
of u, we put ih]ldu=Q, whence we obtain v-2u t 
or the velocity of the wheel at the point of 
impact is half that of the jet 
In this case 

Efficiency =f (1 " c 008 ?)• 


since v is the velocity due to a fall through a 
height h If there be no friction m the buckets 
and the jet is deflected 180 °, then c cos 7= - 1 
and 7} = l In piactice the angle of deflection 
is about 160 ° and the maximum theoretical 
efficiency is about 95 per cent Other losses 
bring this down to about 85 per cent 
(vi ) Design of Buckets — Tho path of tho 
water particle acioss the bucket is represented 
m Fiq 46 for two positions (r ) wheio tho 
jet first impinges on the bucket, (11 ) where 



the jet is nearly parallel to the tangent to 
the wheel at the point of impact 
In (1 ) the direction of the relative velocity 
at incidence is given by ab, the point of im- 
pact bemg b It is shown chagrammatioally 
deflected by tho curvature of the bucket 
until at c its tangential direction is reversed, 
and it finally leaves the wheel at d, where its 


lelativo velocity should bo panlltl to 11 suir! 
equal toil d its absolute tangential whuily 
is to be /eio 

In (11) tho jtt stakes the bucket maily 
paiallol to tho duet turn of u and a n ippiou- 
matoly zero, tlmefoie the relative velocity is 
tangential and m the dnec tionub it aim < lion 
is levoisul at c and the full deflection um*lo is 
completed at d K01 v& 10 absolute' tangential 
velocity at that point a n, p’, v u a, Iheie- 
feno v~ 2 u Tho width ol tho buckets is hum 
tluee to five times tho diametei ol (lie jet, tho 
latio vaiyinginvotsciy as tlioswe ol the 1 |i t t and 
tho latio of the wheel and jet dmmelc is should 
not bo less than It) Tho mmihoi of the 
buckets should ensuio that the jet is oon- 
tmumisly mtouepled, each Imckcct being m 
action until tho 0110 following is m a position 
to iceeivo the jet 

(vn ) tipeed Regulation - With any ton 
Biddable dopaituio from the' theoretic illy 
collect ratio between tho velocities of the 
wheel and jot them is a substantial loehu lion 
111 the oflieiency, and if tho Utter is to ho 
maintained tho means of regulation adopt eel 
should enable tins ratio to ho kept as neatly 
constant as possible Lhiough wide variations ol 
load There should also be, m response to 
load changes, corresponding changes m tho 
quantity ol water used, and any 1 etui dat ion 
of the flow m the pipe hue when necessary 
must ho slow and gradual if dangerous met eases 
111 tho pressure are to bo avoided 

Since tho wheel as a prime mover lias to 
maintain a constant speed ol rotation however 
tho load fluctuates, it follows that tor the sake 
of cflieionoy the velocity of the jet must also 
bo kept constant When load is taken oil 
thoieloro tho method ol regulation should 
consist either of divei ting, wholly or partially, 
tho jet horn tho wheel, tho total quantity of 
water used lemammg the same*, or ol (hrmrush- 
mg tho quantity wlulo still keeping tho veloc ity 
of flow constant. 

The means of applying the Hist ol these 
forms of regulation is by swivelling the nozzles 
which is then fitted with a ball and sen ket 
joint, or by mini posing a delict toi plate 
between (he nozzle and the wheel and so 
causing tho stream par I hilly to miss tho 
buckets at pat l load Under theMe conditions 
there is an obvious waste of energy nnd I he 
direct discharge of the jet into the wheel pit 
may prove troublesome, lull, thorn ate the 
advantages that no sudden rise of pressuie 
will occur on change of load, and the flow 
through tho supply pipe will he constant. 
Tins method of regulation is seldom adopted 
m its simple lorm hut frequently as purl of 
a combination regulator 

Tho use of a simple throttle valve situated 
m tho sup] fly pipe to dimmish the quantity 
of water with tho load would result m varying 
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the velocity at the jet and inducing a watei- 
haminei effect on partial closing, besides 
causing a loss of eneigy by the obstruction 
it presented in the pipe 

The aiiangomonts actually m use are of 
two types 

(a) Where the nozzles are rectangulai a 
poition of the jet may be cut off by a sluice 
sliding a ci oss the orifice The nozzle at A 
(Fig 47) shows the upper side formed by a 
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^ Fig 47 

llap hinged at a, fixed in position by a 
connecting- link attached at b and op eiated 
from the governor The hood legulator m 
tlio example B consists of a quadrant pivoted 
at c and worked by a hand- wheel through a 
rod connected at cl 

(b) The section of a circular jet may be 
partially or wholly reduced by the endways 
movement of a spear 01 needle regulator, 
y consisting of a 

TjfOP needle of tapoung 

section fitted m- 
side the nozzle 
axially with the 
1^ jet as shown m 

X^xg lb 48 When pro- 

perly proportioned 
the jet issues as a cleat and transparent 
rod more or less hollow but converging to a 
solid cylinder of water at a short distanco 
from the nozzle This needle is a feature of 
practically all logulatois now m use 

The regulator m most cases is worked auto- 
matically from the governor, and the operation 
may bo divided into the two stages of obtaining 
the necessary power and applying it With 
high - pressuio and laxge - capacity machines 
the power required to move the regulator, 
if directly connected, would be beyond the 
capacity of an ordinal y mechanical governor 
Because of tins an hydraulic type actuated 
by water pressure was evolved, but tins is 
now generally replaced by an apparatus do 
ponding on oil pressure The principle on 
which it acts is illustrated diagrammatically 
m Fig 49 — high- and low-pressure oil supplies, 
A and B, are connected to a chamber C m which 
a distributing valve works , the valve passages 
communicate with the opposite ends of a 
cylinder containing a piston, the motion of 


which operates the regulator When tho 
position of the governor balls changes as a 
consequence of load variation a use or fall of 
the sleeve E occuis , there is an angular move- 
ment of the levet EG about G as a centre, a 
displacement of E and therefore of the din- 
tnbutmg valve takes place Oil undei press - 
ure is accordingly allowed to pass to either 
the top or the bottom of the piston, which 
moves correspondingly In addition to its 
action on the regulator this alters tlio 
position of G, and there is a fuitliei 
angulai movement of EG, with E x as its 
centre, which tends to icstoic E to its rnul 
position When this occurs piessuie is tut 
__ oft and the piston comes to lest The 
mechanism is then m leadmcss to im et 
any ficsh fluctuation of speed This 
arrangement, oi some modification of it, 
is practically standaid as a means for 
obtaining power to actuate iho regulator 
There still remains, liowevei,the difficulty 
of applying the methods of regulation m 
such a way as to pi event a rise m pressure 
following a sudden closing of the valve Thin 
is mot in two ways (1) a bypass val\e (Ftg 
47 (A)) m the supply prpe is opened temper ai ily 



to permit of the jrassage to waste of the water* 
checked by the sudden closure of tiro regulator , 
or (2) regulation is secured at fust by the ubo 
of a deflector- pi ate to divert the jet, and 
after wax els by closing the needle so gradually 
and slowly as to pi event any serious use oi 
pressure When stabler conditions are restored 
the by-pass val\e is shut or the deflector jb 
swung cloai of tlio jet 

This method of regulating by combined 
needle and deflector is the most common of all, 
and the application of tlio motion of the piston 
to it is shown m Fig 50 UK is a lmk pivoted 
at 1) and K anel oarrymg a pm at II, This 
pm works* m a slot in the end of the needlo 
rod Nil, and holds the needle regulator 3ST m 
any required position against the pressure of 
a spring S This spring woiks m a claslrpoi 
J On the motion of the piston the point JD 
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moves to I) l9 causing the deflector M to cut into 
the jet, and the link pm slides along the slot 
from II to The pressure of the spring S 
tends to close the needle suddenly, but its 



movement is damped by the dashpot fluid so 
that the closure is slow and only continued 
until the end of the slot again bears on the 
pm H 

(vm) Surge Tank — If the length of the 
supply pipe lme is consideiable m companion 
with the total head it may be that the water 
m the pipe line cannot accelerate with sufficient 
rapidity foi good governing m the case of a 
sudden demand This obviously cannot be 
dealt with by the regulator, and a icmedy is 
found m the provision of a standpipe or surge 
tank The standpipe consists of a veitical 
open pipe with its lower end connected to the 
supply pipe near its junction with the pnme 
mover , its height is such that under a static 
pressure equal to that of the supply head the 
water level is a little below the top An in- 
crease of piessiue at the pmne mover, duo to 
a sudden closing of the valve, causes the water 
^to use m the standpipe and absoibs the 
Jic enoigy of the water column m the 
supjDi^^upo Any excess produces overflow 
at the topwso Eiat the maximum pressure 
possible m tS& supply pipe will be pi actically 
equal to that" 0 * the supply head, together 
with the head' equivalent to the encigy 
absorbed m the nveiflow In the event of a 
sudden demand fdk 111010 P°woi the watoi m 
the standpipe, bemgm (,I ° e^dy accelerated, re- 
sponds readily and sup° ll0H additional quan- 

tity required until the' water column in the 
mam supply pipe has l} tl & fcltno to acceleiate 
The larger tho aiea* ()i tho standpipe the 
less will be the amplit Uflc ^ l0 oHciUntions 
sot up m it, but mech^ mcal difficulties and 
considerations of cost pu\ a llimt on ]>«- 
missible si/o A modiM^ 100 designed to 
effect tho same end without^ 110 disadvantages 
of very large diameteis hasy )eon mtioclumt 
in the cliff 01 ential surge tanla ltf eonsists of 
tho simple standpipe having a diameter 
approximately equal to that V t,l ° 8ll Pldy 
pipe, and communicating at f () P with 
a laige diameter tank, noimallfl trough a 
itively small opening A, bpA 111 ^ l0 ( ‘ a8 ° 
ely heavy fall m the loaS; Provision 

to escape W H P mal 
nsovvn m 


jet 


of the small opening between the upper tank 
and tho standpipe A sudden demand lor 
power is met in 
the first instance 
by the water m 
the standpipe 
owing to its easy 
acceleration, 
and sec ondly by 
the si envoi ac- 
celeration which 
takes x^aco m 
tho tank The 
advantage is in- 
dicated m the 
diagram Fig 
51a, where the 
falls in tho sur- 
face level of the 
standpipe water aie plotted against intervals 
of time foi both simple and differential types 
Tho limiting height of standpipes is about 200 




feet, though there arc cases where this lias 
been exceeded 

(IS) Impulse Turbin b (Iiraiid — A 
turbine has already been defined as a water 
wheel to which water is admitted simultane- 
ously at all points of its cue urn l cron cc There 
is a class which only partly satisfies this 
definition, namely the Impulso Turbmo, a 
typical example being tho (braid It may ho 
regai dec! as a i VI ton wheel with multiple jets 
impinging on curved vanes which replaco tho 
buckets, and having guide passages to rcivo 
as substitutes foi the no/zle Tho yanes c ausc 
a change m the direction of the flow of tho 
watoi and consequently of its momentum 
tangential to tho turbine Thus force is 
exerted and work is done on tho turbine 
shaft 

The pressure of the water throughout tho 
wheel remains nmfmmly equal to that m tho 
tuibmo easing and is usually atmospheric 
To ensuie this the water is pi evented fiom 
filling the space between any two adjacent 
vanes by the mtuxluetion. ol ventilating holes 
which admit an to tho wheel jrassages and 
confine the stream to tho driving side of tho 
vanes 

Tho general direction of flow may cither be 
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parallel to the avis of the shift 01 peipenditulai 
to it, and in tin. Littei case may be xadially 
inwaid or moio usually outward Figs 52 
and 5 5 aio diagi ainmatic i epresentations of the 
two divisions 

The consult lationa which influence the 
design of the bucket m the Pelton wheel hold 
good m the design of the vanes, and the angles 
at inlet and outlet are similarly determined 
Using the same notation a varies from 12° 
with laige heads and small volumes to 30° with 
low heads and laige volumes, while the angle 
tin ough which the stieamis deflected averages 
about 115° Since the effective width of tho 
vane passages diminishes out wax ds owing to 
the cuivatuic of tho vanes, the sides are 
splayed out m tlic direction of discharge, the 
final dimension being 2 5 to three times the 
mlot bioadth 

Tlio best theoretical speed of wheel is one 



Outward Radial Flow 

thd 53 


half that of tho water velocity as it issues 
fiom tho guide passages, but m practice it 
is usually about tluoc fifths This typo of 
wheel may be used with heads as low as 18 
indies, in this ease it is neccssaiy that the 
wheel should be homontal m orclei to avoid 
tho relatively laigo difference of level which 
would ovist between the diametrically opposite 
vanes of a vertical wheel With such a low 
operating head an efficiency of 55 per cent 
may he reached, but when woilang more 
normally with higher heads, values up to 80 
per cent aio attained, and oven with part 
loads tins efficiency is well maintained 

^ (if)) Pressure Turbines (i ) Fonrnayron 
or Ouhvanl Flow Turbine — Tho fust of the 
leal class of tuibmos is the outwaid radial flow 
reaction wheel invented by Foumeyron m 
1827 By reason of its cheapness and high 
efficiency it laigoly leplacod for a time all 
other forms of water-wheels The arrange- 


ment is shown m Fig 54 The inlet is by the 
central curved passage F, and the flow is 
chiectod by the guide vanes G to the wheel 
vanos N, where its direction of motion m the 
plane of the wheel is changed, and discharge 
takes place at the outer periphery of the wheel 

A (leva o know n as tho Boyden diffuser, to increase 
tlio efficiency by recovering a portion of tlie dynamic 
energy of the discharge watei, was adopted for a 
time It consisted of a fi\cd casing surrounding the 
wheel made up of two pi ite rings, tlio distance betv ec n 
which increasing radially outward, formed a diverging 
passage The benefit derived was small and its°uso 
was abandoned 

Tho Foumeyion turbine was employed for 
heads up to 350 feet, and gave an efficiency 
as high as 75 pex cent Owing to tho passages 



through the wdieel being of necessity diveigent, 
with a consequent production of eddies, no 
further improvement was possible A dis- 
advantage of this type is tho difficulty of 
governing Any increase m the speed of the 
wdieel due to a reduction in load increases the 
kinetic energy at discharge, thus lessening the 
discharge pressure head and tending to m- 
ciease instead of dimmish the How a fuither 
mcroaso of speed therefore results, and govern- 
ing is rendered moie difficult 

(u ) Jonval Turbine — Tho Jonval tuibine, 
like its prototyxie the Borda wheel, is of the 
axial flow variety A radial section shows 
tho wheel buckets as rectangular, but the 
vanos which form their radial bounding sur- 
faces usually make an angle of 90° at entrance 
and curve away to a much flatter angle at 
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discharge It differs from the Borda wheel 
m beino- fitted with radial guide vanes which 
direct the pressure water into the hiickets 
and shows a marked improvement not on y 
on it but on the Fonmeyron machine as well 
The mam advantage lay in the fact that the 
motion of each water particle was 
to one tangential plane, and had practically 
no radial velocity Thus the governing was 
not complicated by pressures due to centri- 
fugal forces On the other hand, since each 
particle entered the bucket at a nearly uniform 
velocity, and since the linear velocity of the 
entrance points of the bucket vanes vanes 
with the distance of the points from the centre 
of rotation, it follows that the vane ang e foi 
correct design would require to vary with the 
iachas As this cannot conveniently be done 
it is necessary for efficient working either to 
make the radial dimension of the bucket small 
m comparison with the radius of the wheel ox 
else divide it into several parts, each compart- 
ment having its own vane angle This also 
facilitates speed regulation since the circular 
slide, which on a reduction of load 01 an m 
crease of head is made to shut off a number 
of the buckets, does so m sections corresponding 
to the divisions By this means a fairly high 
pait-gate efficiency may be maintained, vary 
m<r fioni 74 pel cent -with one out of tliiee 
sections open to 81 per cent with all three 


(m ) Fume is ot Inwaid Flow Wheel — Just 
as the Fonmeyron turbine was superseded by 
the Jonval, so the latter was displaced by the 
Francis inward flow turbine The Francis 
is directly comparable to the Fonmeyron 
with the direction of flow reversed, but 
possesses many advantages over it The 
mlet is located at the outer circumference of 
die runner, as shown. m Fi(f 55, and a portion 
of the supply head 
at entrance is re- 
tained in pressure 
form to balance the 
centrifugal pressure 
of the water in the 
wheel, bomg aftor- 
waida utilised dming 
itB passage through 
the vanes As a con- 
sequence the velocity 
of inflow of the wator 
is considerably less than m machines of tho 
impulse type and a low er peripheral speed of 
lunner can be adopted, while the lxydraulio 
friction losses will be proportionally lessened 
throughout Apart from ordinary means of 
regulation common to the various types of 
turbine, the mward flow form tends to be- 
come self-regulating as an increase m speed, 
due to diminution of load, causes an increase 
of pressure at entrance and a lessoning of 



the velocity of How A Fi ant is tuibino is 
classified as low pressure when the working 
head is less than 75 feet, the tuibino in 
then installed m an open flume With heads 
of from 75 to ISO feet, when a (iieul.n casing 
is used, it is tcimecl medium pressure A hufli- 
picssure tuibme employs a head having a 
range of 150 to 550 feet, when it is provided 
with a spiral casing A veiy great develop- 
ment has taken place m the lust- of these 
classes, especially m the direction oL high-speed 
runners, of which Fuf 56 is a typical t vampks 



As an indication of the magnitude of the in- 
stallations now becoming general that oi flic Liuuen- 
tnlo Co, Quebec, may bo tiled, when plant ((in- 
sisting of hi\ units each of 20,000 bhj> woiking 
with a head of 7l> foot at 120 involutions pel nmnilt 
and having a single vertical runnel was laid down 
m 1015 At tho otlioi end of this class may bo 
quoted tho (liestcr Municipal power plant opt rating 
with an average head of 7 let t and eonstHtnig ol 2 
units of 415 and 305 b,h p and spu ds of 50 and 55 
revolutions pei minute respectively 

For medium - pressure plants tho single- 
runner typo seems to ho gaming xn favour on 
accounted thohighovei all rnec ha meal efficiency 
obtained Spiral casings arc now bomg user l 
instead of tho circular hum, and tho largest 
output per unit is that of the Tallassoo Bower 
Co, USA, whole 31,000 bp rs gonoiated 
per runnel at a speed of 151 t p m under a 
not head of 180 foot, and having a guaranteed 
efficiency of 1)0 poi cent 

Tho lngh-pi chnui o FmnciH lurkmo has uf 
late yoais raised its upper limits and invaded 
tho held previously held exclusively by (lift 
Bolton wheel Heads of 500/600 foot am now 
not uncommon, and tho maximum reached m 
745 foot With high heads m order to enmuo 
freedom from break-down the axial thrust m 
eliminated whoie possible by the use of clou hit* 
lunnors operating back to back, when im 
special thrust beanng is required, In the c ime 
of the smglc-runner typo special balancing; 
methods are necessary 

(iv ) Suction Tubes — The success of the* 
Francis typo of turbine has boon hugely due to 
tho use of the suction or draft tube which 
permits the plant to bo erected at a convenient 
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height iboie the tail lace without loss of head 
and cnibloa pail at least of the energy con 
tamed in the velocity of the watei as it leaves 
the innnei to ho convex ted into voile Tins is 
of the utmost importance m connection with 
high cap uutv innneis whole the discharge velo- 
city of tlie watei may lopiesent 15 to 20 pei 
cent of the total head, the ovei-all efficiency 
thoiefoio depending upon its moio or less 
complete iteoveiy The device which is due 
to Jonval consists m lengthening the dis- 
charge pipe until its low oi end is always sub- 
meiged m the watet of the tail lace, the 
surface of which is of comse at atmospheric 
piessuie The piessuie at the dischaigo side 
of the turbine blades will theiefoic be less than 
that at the suiface lovel of the tail race by an 
amount equal to tho difference of the static 
head between tuibmo and tad race and may 
approximate to 25 feet The aiea of the 
suction tube at its connecl ion to the tuibmo is 
made equal to the discharge aioa of the runner 
and gradually mci eases towaids the outlet end, 
theicby convoitmg pait of tho kinetic oneigy 
of discharge into pressuie head 

(v ) Voi tc% Twbwe — Refeience has been 
mado to Ihe spiral casing used m medium and 
Jugh-pi cssuio tmbines This was an improvc- 
rnonl introduced l>y Piofcssoi James Thomson, 
togothoi with a special form of guide vane 
Tho water is bmuglit tangentially into tire 
huge end of the spiral and is then directed by 
the curve of the casing through a senes of 
movable guides pivoted near then inner end 
so as to follow the lines of flow m a spiral 
voite\ The guides are so connected by bell 
cianh levels and links as to move simultane- 
ously when acted on by the govern* «, and thus 
shut off water equally from all parts of the 
wheel As fitted to the modem Francis tuibmo 
the number of guide vanes, which was formerly 4 
small, is now nearly equal to the number of 
wheel vanes , tho guides aro of a shortci type 
^ (50) Steed R initiation- — There are thi co 
typos of constitution employed to icgulato tho 
quantity of water admitted to tho tui bine, 
namely, (a) cylmdor 
gate, ( b ) register gate 
(outside and inside), 
and (c) wicket gate 
These have as then 
common featui o tho 
throttling of the 
supply to or of the 
discharge from the wheel, (a) being illustrated 
m Fiax 54 and 59, and (b) and (t) m Fiqs 57 
and 58 Roth (a) and ( b ), though simple to 
opeiate, suffer from the disadvantage that, 
when controlling tho inlet, the entering water 
after contraction at the edge of tho gate ex- 
pands again to fill the whoel passages Fddy 
formation and consequent loss of energy ensue, 
In (a) this defect is sometimes modified by 



dividing the wheel bv diaphiagm plates (Fw 
5f), so til it it becomes a multiplo wheel Tho 
effects of the gate are thus confined to one 
compaitmcnt and part gate efficiencies aio 
well maintained 

Wheio tin otl ling of the discharge occuis, tho 
meiease of pi cssuio which results at the exit 



diminishes tho effective head and causes a 
greatei loss of kmotio energy Tho method 
(r) has practically superseded tho others by 
eliminating impact losses and tiro foimation of 
eddies by r educing obstructions to thoappioach 
of the water to tho mnnoi Tho wicket gito 
consists of a numboi of stieamlme vanes each 
pivoted on its own spmdio and loeoivimr move- 
ment horn a logniatmg img to which it is 
attached by a shoit connecting link 

The method of operating tho different types 
of icgulatois is usually by means of seivo- 
molms, and has aheady been discussed in tho 
case of tho Pelt on wheel 

§ (51) STicma Steed — Tho very wido 
variations in tho leading ehai actons lies of head 
and flow of tho natuial watoi-powei lesouices 
m OMstenco, and the necessity of utilising each 
undei its most favourable eonclil ions, have given 
use to an individuality m the design of turbines 
and mado available for further development a 
great wealth of data But m m dot to lender 
tho information useful foi standard] sail on 
purpose's it lequnes to bo based on systematic 
tests and cor root design (J< rnseq uei itly af unda- 
mcntal basis of comparison is necessary 
Now if JI "head m foot, P- brake hoi so 
powei, N “ speed m r.pm., Q - quantity oi 
waioi m cubic foot per mniuto, then loi any 
given runner it follows that P vaues as II a, 
Q ,is ITS, N as III 

If Pj, Q x , and N x are the values obtained 
when the effective head is equal to unity, then 


P^ 


P 

II ” 




N 

Hi’ 


and these values seivo to compaio tuibmos of 
tho same diameter and design 
With machines of different diamoters and 
operating under different conditions, compari- 
son is mado by moans of a factor known as tho 
specific speed,” which indicates the speed at 
which a turbine would run when having an 
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output of I b h p under a head of 1 foot 
Assuming P l5 Q x , N x as above to be the ohai- 
act eristic values of a runner untlex a constant 
head of Hi feet, if now the diameter of the 
wheel and all its other dimensions aie vaned 
proportionally the variation of P x , Q ls and N x 
may be determined 

Thus P x and Q x are both proportional to D 2 
while N x vanes as 1/D 

Thus if P x be the output from a wheel of 
diameter D 1? D e the diameter of a wheel which 
develops 1 h p is obtained from the equation 

IV IV s =P S P„ orD, = ^- 
since P s = 1 , 


and since N s N x = D x D s , 


N„ =N X VP X = — , ( /- ) =^A' 

1 H- \V H / ^/H s 

Where more than one xunner per tuibme is 
used the output P is that of each limner 

The use of specific speeds as the basis of 
comparison enables lunners of apparently 
different characteristics to be computed and 
development m the direction of the most 
efficient to take place As a consequence tlieie 
has been evolved a slow-speed type of runnjpr 
using a small quantify of watei under a large 
head, and a high-speed type using a large 
quantity of water with a low head, an example 
of the latter being shown m Fig 56 

The prevailing tendency in leccnt yeais has 
been to increase the specific speeds and to 
develop the high capacity runnei, and progress 
has been so marked that the average efficiency 
as obtained from published tests has risen 
during the last twelve years by about 10 pei 
cent, and hi several low r - and medium-pressure 
turbines of the Prancis type the measured 
efficiency has exceeded 93 per cent for the 
foimer and 92 per cent for the latter 


§ (52) Pressure Turbine Theory (i ) Relations 
of Vane Angles Let the velocity of the water ns it 
Iea\ es the guides be v t making an angle a with the 
tangent to the inlet circumference of the wheel 
(Fig 58) Let n x and u 0 be the inlet and outlet 
peripheral velocities of the wheel, w t and w 0 ho tlu 
corresponding whirl velocities, and and f a the 
radial velocities of the water Then 

/* = w t tan a=(w t - m ) tan /3, 



ii r ~fi cosec /3, 


fo—(u 0 — w 0 ) tan 7, 

0 i r ~f 0 cosee 7, 
and if w 0 = 0 , then u 0 =/ 0 
(n ) Work donp m Runner — 

The initial moment of) QW 
momentum J ~ 

The final moment of) QW 
momentum j ~'~^~ w o r o 


The moment on fho nmnor - change of moment of 

menu alum 


QW 

(/ 

QW 




d m> 0 -0 


The work done on umnor^inomuit on whec 1 

atigulii \eloedy 

QW QW 

KV»« W|tf, 

0 *1 

ft lbs pc r m eond 

It lbs pei lb oi 

^ walei 


In a moving wind llu (iiugy at entiunio 
woikdonc pet lb of water 1 Iosbis tluough tlu wind 
-| head at disdiaigt 

If all lows m Hit' win el am negheUd we have by 
the equation of i neigy 


lh Vo 

W 1 2 g W 1 

Put if v> 0 ~(), then u 0 /„ 
and 


I H 

A'/ </ 

»V hm a {(ti/tto), 


W 1 


2b 

Jo\ 

W t Ui 

"W 

‘a? 1 

0 

Vo 

Jo 3 


w 

-!/ 

1 g I' 

w 

Iff/ 
+ *1 

( Um* (t Ul 


v, 


and 


_ a liu, «\ 
* tan /I J 

_==H 

25fll-(;WW)) 

2(1- (tan a/ tan fi)) | (iaurtf «,/r/»)) J , 


Ui~l 


/ ~V(1I ~(Vo/W)) 

tan ^'V 2(i~(tan«/tau/:#)) I (<ttn a(ff*/ri«))- 


&mco — (tan a/tan fi)), if fi ih men used and 

Ui maintained constant, then Wi dinutuslios and iuon 
onoigy romaniH m llu pressuio fmm at (lm inlet to 
the limner Tho teiuleney jh therdoie to make 
(i- 90° If (IL- (po/W)) Hj uvMulable head, Hun 
with tins angle w t - *jy\\ x approximately, that is, 
iiy/Sj/KlIj/S, and half the available <nugy js m 
biuet le fmm and the othoi half in plenum* 


Theoietiud efiu lorn y 


„ „ (W Q/ g) mv m* w >/( 1 (Um n/ iim fi)) 
v WWi f/Ilx 

„ w^(l-(tann/lftn/I)) 

Oiwt^g) J2( l~ (tan a/tan ft)) | tim* 5 a («< /u/)J 
w 2(1 -(tan a/tan fi)) 

**2(1 -(tan a /tan (i)) | (tan* 5 ct. (m,/m 0 )« 

(hi ) Runner Dim haujo httjlc K the vdoulv id 
wluil w Q at disdnugo he aHsumeil to be t), llie 
following eojiHidomtion will doteinuno the diadmigo 
vane angle y 

ton 7- r ° J'-l. w ‘ u i Ila . °t 

Uq tlflfly 11q ttff 

u 0 ^Vi and if /i-dHP, ihomiv 

. r i C( i . 

tan 7^- — tan a 
r 0 a 0 
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- — ^ priadul flow is constant a t ~ct 0 , and tlieicfoio 
*sOifro) tana 

X v Okanqt of Pressure though the Runner — The 
(jV" jjflt rcnco of pussuic lxiwcon the inlet and the 
botrJ , circumference of the 1 unner will bo equal to 
On til*' fringe of picssmo resulfuig from tho motion of 
h ho tfitoi p u tide m a foiced vortex with an angulu 
*dio ^ « y a; added to the change of press uio duo to its 
Voln^ 1 ’ 11 1 ' 

o*' Ih-Po iljf - Up 2 - | oVr^-jUr 2, 

Rj 


tl parallel to the vanes with, a vamblo relative 


Thus 


W 

=/o cosoe y, 


2(7 

t v r ^=j t cosco /3, 


Uo^Ut- 


p 0 U t ~ / ?o M \ 


/„ 2 cosee 2 y-fi 3 coscc 2 /? 


Rivard flow i miners tho difference of pressure 
I ix lllcrca q(i the peripheral velocity of the 

ton c l *3 mci eases so that the turbine becomes to 

3nxnia*^ m extent self governing This effect will 


a cei 
irioxc?^' 


^ o as the ntio ?\ ? ti increases When the 
V +\O n °f flow 19 reversed as m the outfloiv winner 
tl lroc <?> p r cssi°n pt-pajW becomes negative and 
- XG i<5 cs if a sudden 1 eduction of the load causes 
ed to increase The supply of energy, tliero- 
^^jiicrcabes when it is desirable that it Bhould 
clirn'ni^ 1 anc * l umtm ? ensue 1 * Tins is accentuated 

fxs tlie * ai>1 ° ? * r <> 1S mado S 10flier 

IFIjc? g Lnt la ^ 0v P r0SC310us f° r dhcicnoy hold good m 
"tiro c& BC °* 9ie /?oie turbine, excepting that the 
p or - | lC ial velocity u % at inlet equals the peripheral 
"volooi^y u ° ^ 0ll ^°k RU1C0 7 1 —I'd’ and there is conso 
cjncntly 110 cJ^ngo P^savue duo to centrifugal 
notion- 

§ (53) Mixed Plow or American Type 

Txj xxtxx^ e —A type of tin bine which makes no 
olcxim t 0 special efficiency, but which lias tho 
merit oE lowness of fust cost is illustrated m 
59. Tho wheel vanes aie cuivod holh 



latei ally and axially, the path of tho water 
through the xunnei being approximately the 
q xxe.cli?£Lnt of a cnole A largo discharge atea 
is tlxxxa seemed and the whool is capable ot 
docVlixif^ with laige volumes of water, but tho 
clepth of wheel required at mlet results 
in lo\y eiin g 0 f the part gate efficiency A 

v Op x 


highei pcnplieial velocity is generally adopted 
for this type, varying from 7 of the theoretical 
velocity oi tho water with full gate to 0 at 
lull-gate foz maximum efficiencies 

A difficulty exists in determining the eonect 
me luxation ot the vane at various tbsohaigo 
points as the velocity of flow aeio&s the outlet 
area is not equal This is due to the tnctional 
lesiatance to How varying as the length of tho 
path tiaeed out by the water and to the vary- 
ing centrifugal pressure induced It is usual 
in practico to adopt a mean dischar go angle on 
tho assumption that the outflow is uniform ovei 
tho disc 1 largo section 

Tho guides aio usually fixed and the regula 
lion is entirely ot! octet! by gate oi ring sluice 

The host machines ot this typo when working 
unclei then most favoxnable conditions liavo 
an efficiency of about 8 at full gate, when 
they oompaie quite well with tho Riancis 
liubme, but aie al ( a decided disadvantage 
when w oi king at half-gate, the efficiency falling 
to about 05 

§ (54) Prfsstjre Engines — The class of 
motor desciibod as pressure oi hydraulic 
engines is important whoie a supply of higli- 
picssme water is available and intermittent 
motion at moderate speeds is desned This 
is especially the case when tho load is more or 
less constant, though tho var ration in speed may 
bo considerable Under snob conditions the 
reciprocating piston engine is to bo preferred 
to any kind of lotaiy motor 

Tho two most successful types which have 
been evolved have tlneo single-actmg cylinders 
set xadmfly, then centre lines intei seeding at 
angles of 120° In one ol these the cylinders 
aie fixed and are titled with ti uulc pistons, tho 
connecting rods act on a single crank pm and 
clnve tho eiank shaft 'Dio outer end of each 
cylinder — the powei stiokc is inwards — can he 
connected alior irately to tho piossuio supply 
and tho exhaust through a passage controlled 
by a disc valve which lotates with the crank 
shaft This is the well-known Brotherhood 
engine, and is shown m Ihtf 00 

In the other tvpo known as the Rigg engine 
tho tin co cylinders arc arranged round and 
pr voted on a fixed hollow crank pin A Two 
ports cm tho mu taco of A seivo to eonnoel the 
cylinder s m turn as they iotato to tlio piessuio 
supply and oxhaust icspoo lively The driving 
shall R ot tho machine rotates about a centre 
which does not coincide with that of A , tho 
distance between these centres gives tire throw 
of the eiank, 

A disc fixed to tho driving shaft carries 
three pins, (J w U„ and tho piston rod ends 
aie < onneeled to these pins Tho power stioko 
is outwards and occurs as tho cylinder rotates 
from D to 10 Foi any position on tho semi 
circle IXJ a E the force oxeitocl by tho piston on 
a pm such as C a has a moment m tho direction 

2 M 
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of rotation about the eentie of the shaft B 
The shaft and disc are thus kept xn xotatxon 
In their simple form, howevei, both types 
laboux under the disadvantage that if the load 
is i educed the quantity of pressuie water 


cam shaft lelativc to the hollow ciank sliaft m 
which it woikecl caused a earn to vary the 
ciank laclius and adapted the volume of the 
piston displacement to the demand Jo* powei 
With the Ring type the ciccmtnuty of the 
fixed ciank pm about 



which tlio cylinders 
revolve iclative to the 
chiving shaft is ( apable 
of adjustment As the 
centies drveigo fiom 
each otliei the etioke 
moj eases, its magni- 
tude being twice the 
eccentricity, and if the 
divergence be opposite 
in sign a conti aiy 
duoction of rotation i e 
suits A supj)] omontai y 
engine 01 servo motor 
operates the change ol 
position of the crank 
pm and is controlled by 


Tig, 00 


the governor 
A full-power efficiency 


onsumed remains constant and the efficiency 
alls at a very rapid rate For the economical 
ransmisBion of power whilst obtaining powei 
ontrol at constant speed or speed control 
nth constant power, some method of using the 
*atei expansively or varying the piston dis- 
ilacement becomes a necessity 
Various devices have been tiled to oveicomo 
he difficulty These include cutting off the 



Tig bi 


lgh- pressure supply before the end of the 
Si oka and using an auxiliary low-pressure 
ipply to complete it, and also the use of an 
ir chamber similar to that adopted in pumps 
i meet mertia effects 

The most successful method has been by 
arying the stroke In the Brotherhood 
ugme this was effected for a time by the 
[astie regulating device, but was afterwards 
iscontmued In this device the rotation of a 


of 80 per cent at speeds fiom 200 to 300 
revolutions pei minute has, it is stated, been 
obtained with this type of motoi 

IV Hydraulic) Transmission- of Energy 
and Applications 

In the previous sections consideration 
has been given to the methods by wlncJi 
a supply of watei possessing potential oi 
kinetic energy, either mlieiont or acquired, 
may be made to do work by setting prime 
movers m motion The motion oi foice 
so imparted is then usually transmitted 
through trams of mechanism or machines 
to where resistance may be usefully over- 
come 

There are, however, examples which remain 
to be discussed of the clnoct application to 
the working machine of the energy of the 
water, and also the very important case 
where advantage is taken of thou physical 
properties m order to use fluids as elements 
in a tram of mechanism 

Undei all circumstances it is desirable that 
the supply of fluid should be brought to tho 
machine with the least possible loss of oneigy 
and m the most favourable condition foi tho 
operation to bo earned out 

§ (55) Capacity of a Pipe Line -—The 
energy transmitted through a given pipe lino 
varies directly as the velocity of flow and tho 
pressure, but as the fnctional resistance of tho 
pipe varies as the square of the velocity the 
best conditions foi power transmission will 
obviously he low velocities and high pressures 
Such conditions render the hydraulio system 
readily adaptable to machines such as piesses, 


3 

< 

t 

l 

I 

& o 

ii 
t 

ii 

k 

ti 

(i 

V 

o 


HYDRAULICS 


531 


lifts, and cranes m vlucli the motion is 
c °mj>aiativcly blow and inter miitont, but 
■whoio the foite required to be exerted is 
Uia go 

Tho over all efficiency of hydraulic tians- 
niissnm, including losses at the central station 
ft-ftcl on conversion into work, is generally 
about 70 pci cent, but much will depend on 
bile length of the pipe line In the pipe line 
itself the theoietical efficiency may bo detei- 
mined as follows 


Lr t p=piessme at mlet m lbs per sq m 
d = diaimtei of pipe m feet 
/“length of pipe m feet 
« — area of pipe in sq ft 
v«= "velocity of flow m feet per second 
\y “weight of l cub ft of fluid 
Q = clinch u go m cubic feet pci second 
hydraulic* mean depth 

Ifineigy entcung pipe pci sec 

=H = total pressure x velocity 
=(141 pa)v foot lbs 
= 262 pew II P 


If h h the held lecpmed to overcomo the resist 
unto to flow of the pipe, W the woight of a cubic 
loot, and Q the discharge in cubic feet pei minufo 
(hoc Pfti t X 5} (21) (n ) and (m )), then 


Ijoso q! energy j>oi second -=U/= 


7 WQ 

*fiC0 


IIP 


Jlt 

w 9hp 

ilgm 

GD0 


^np 

~ 2 gm 

TOO 

ir-n 

t-lJ* 

ii 

igm 


w 


fiat 


II 

262pa * 


{7—32 « 


1 

202p 


Phoioforc* by substituting 

7 = 1- 0315 


/m a 

phft 


It will bo observed that the conditions for 
ugh offieionc y include 
(a) A small value of II which may bo 
ihtaiuocl by Looping down the velocity of 
low and pi even (mg it exceeding, say, 4 feet 
mr boo 

(h) A high value of p> and d A limit is 
mt to tho range of these factors by tho 
onsuloiatron that the saving otloctod by the 
ici eased efficiency will ultimately bo mote 
ban balanced by tho additional cost of tho 
i eator diameter and thickness of pipe line 
iquiiod, and by the difficulty of preventing 
%akago at joints For those reasons p is 
su ally limited to 1200 lbs per sq m , and 
to 0 m Multiple pipes are used whete the 
ower leqmred is gi eater than tho capacity 
f such a pipe 


Tho eneigy actually transmitted by tho 
pipe line 

~=yll 

635// H 8 ^ 

~V pW 

and this will bo a maximum if 


IIP 


K* 725^/^° 
when it will havo tho value 

483^/^ IIP 

This gives an efficiency undei these conditions 
of 66 

Hydraulic powoi supply dopaitments havo 
boon established by many of the huge Muni- 
cipal Oorpoiations, the pressures adopted 
varying from 700 to 1600 lbs per sq m The 
water used is generally hom tho town’s public 
supply, and its initial piosauie is m some cases 
utilised to woik an intensifying pump by which 
a small piopoition of the total quantity is 
foicod directly into the high-picssuie mam 
The remamdoi is passed to a stoiago tank, 
fiom which it is pumped by steam-duvon 
fiumps into a mam pipe feeding the aocunm 
lators which are tho reservoirs for tho powoi 
supply 

For heavy, cumboisomo, and slow operations 
such a supply is pro-ominontly suitable, and 
the system lias tho merits of cheapness and 
direct applicability without any intimate 
mechanism, and ot ease m detecting leakage 
Tho principal objections urged against it 
aic the tioublo with air-locks and the dangei 
of buiatmg during fiosty woathoi, necessitating 
tho draining oi eylmdeis when not in operation 
oi external heating at vulnerable points In 
spile of those dr awbacks hydraulic transmission 
of eneigy is now extensively adopted 

(56) Pirn - line Appliances (i ) Mc- 
(imulalou s — Although the supply of energy 
from tho pumps is 
designod to equal the 
over-all demand for 
powoi over a con- 
siderable interval of 
tune, tho demand is 
usually intermittent 
owing to tho natuio of 
the operations which 
tho motois are called 
upon to porfoi m As 
it is desirable to keep 
tho pumps m con- 
tinuous operation Fig 62 

some form of storage 

is necessary, and the accumulator was dovised 
by Sir W Cl Armstrong to provide this and 
at tho same time to regulate tho delivery 
prossuro H acts automatically 

Its general form is illustrated m Fig 62 


Outlet 



Inlet 
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and consists of a vertical cylinder 0 with 
inlet and outlet passages at its base 
Through its covei a ram R passes and 
supports at its upper end an external plat- 
form P From this is suspended a load W 
of some heavy matenal such as pig-lion or 
iron scrap 

If L is the displacement of the load 
W, and A is the area m square inches 
of the ram, then the potential energy 
stored m the cylinder when the ram is at 
its upper limiting position is WL ft lbs , 
and the woikmg pressure p equals W/A lbs 
per sq m 

(u ) TweddelVs Diff&ential Accumulate w — 
This is a modification of the above arrange- 
ment whereby high pressures may be mam- 
tamed by comparatively small loads, but the 
storage capacity is 
low and it is only 
suitable for supply- 
ing single tools The 
cylinder is inverted 
and movable, as 
shown m Fig 63, and 
carries the load W 
on its external sur- 
face The ram is 
fixed to the base and 
is of two diameters, 
D x and D 2 > where 
it passes thiough 
glands at top and 
bottom respectively 
of the cylinder The 
inlet water enters 
Fig 63 where the ram is 

stepped, and if the 
difference of areas is equal to A, then, as 
before, pA=W If Da-Di is made small 
enough it is possible to obtain high values 
of p for a moderate weight W 
(m ) Presswe - loaded Accumulators — These 
are used where it is inconvenient to have a 
heavy dead load In this ease the upper end 
of the ram works m another closed cylmdei 
and carries a piston subjected on its upper 
face to steam pressure Adjustment of the 
relative areas of the piston and plunger, 
together with the introduction of a reducing 
valve regulating the pressure of the steam, 
ensures the maintenance of the required 
hydraulic pressure While the accumulator, 
speaking generally, has a steadying effect 
on the pressure, the inertia of the weighted 
type is productive of considerable shock when 
the outward flow of the fluid is suddenly 
stopped On occasions this may be advan- 
tageous, as for example m a hydraulic riveter 
where the momentary increase of pressure 
may be utilised to effectively clinch the rivet 
To guard against abnormal pressures from 
this cause a spring-loaded relief valve is often 
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introduced, and opcodes u hen the pteiuwo 
exceeds the nonnal value by <ui u ranged 
amount This precaution ih not n«iessiu> 
v hen the load is applied by 
steam prcssuio 

(iv ) Jutensifici s — Whom 
supply hom the accumulator 
for the woikmg ol a particular 
device known as the 
mtonsiflei is n it in- 
duced A common 
form, as applied to 
testing machines, is 
shown m F\<j (> I, 
and is siinilai to an 
inverted steam ac- 
cumulate i The 
latio of the areas of 
the piston and ram 
equals A/a, and is 
equal to tho ratio 
of tho intensihor 
piessuio P to tho 
pressure supply p 
Thus P = p(Aja) 
lbs per sq m if tho 
f notion F of tho 

glands and tho weight \V of tho piston mol 
ram are neglected If these aro taken into 
account 



A WdF u 

-p - lbs 


per sq mth 


This type only operates m mu* directum, 
and if a continuous supply ol high jmwim* 
watoi lsiequned, duplicate intousilim i woikmv 
alternately must bo employed 

§ (57) llYDRATruciAnnY - niuvLN Machimn 
— Tho dueet applications of hydraulic power 
to the woikmg of modern nuielunety hits been 
extensive and varied Perhaps lint most 
successful examples are the modi bout rorm «>f 
the Biamah plows us developed m haling 
presses, plate Hanging and heavy tnigiinf 
machines, all of which inquire a slow but 
powerful compression, and may be i epaulet! 
simply as levoisod accumulators 'Pht' e\<lo 
of operations in each ease may ho divided into 
stages 

(a) An ldlo Rtago dunng which the head m 
brought up to its work 

(b) An initial compression of the matenal, 
but full power not developed 

(c) The completion of tho compression imtln 
full powoi 

{(l) The sudden stoppage of the head prodm 
mg inertia effects which may be useful m 
certain types of machmos 

(e) Tho letum of tho mm to its initial 
position 

It will he seen that during the lust hot 
stages tho full value of tho pi ohhuio, it then* 
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is only one supply, is not being utihsod though 
a volume of u atoi equal to the displacement 
of the xam is used A loss of efficiency icsults 
which is increased if tlieie is only one common 
inlet and outlet passage to the cvhndei, since 
this passage rcqunes to be refilled with 
pi ess me water at the commencement of each 
opeiation As the quantity of water used 
for a given dis ____ 

placement cannot. 
be vaned, the only 
alt ei native is to 
vaiy the opeiat- 


nig pi casino fioin 
stage to stage 
Two chffeiont 
methods of effect 
mg this in the 
case of the Foig 
mg Press axo 
shown 

(i ) The Forging 
Press — In the 
Allen pi ess, Fig 
65, the stages (a) 
and (b) aie earned 
out in connection 

with a low-piossuie supply, which is cut 
off when full piessuio is loquiiocl dining 
stage (t) Communication is then made 
with a high prossure pump (TIP) wot king 
without valves and imparting a to and-fio 
motion to the connecting column of liquid 
The meitia of the lattoi increases the piessuio 
at the oncl of tho woihmg stinko The watoi 
is then exhausted fiom the cylinder 0 and 



Fig 05 



tho ram and head lifted by steam pleasure 
acting on a piston in the auxiliary cyhndei 
C above 

The other method is illustrated in Fig 00, 


which shows how total piessuios of tlnco 
diffeient magnitudes can be obtained by 
the use of a differential lam Thus when 
the high - piessuio watei is admitted to 
chambei A, a foice is available at tlio 
woikmg head sufficient foi stago (a) With 
tho piessuio supply m communication with 
chamboi B, and A cut off, opeiation (b) 
is earned out, while full powei is ob- 
tained when both A and B aio connected 
with tho supply The head is brought 
back and the watoi exhausted by auxiliaiy 
pistons actuated by a low piessuio supply 
and woikmg m two lifting cyhndei s 0 In 
machines of this type it is possible to use 
supply pipes ol compai atively small cliametois 
and still maintain a fanly high efficiency 
This is duo to tho low spoetl of opeiation 
and tho consequent small amount of oneigy 
tiansmitted 

(n ) Riveters — Tho hydiauhc livctoi is a 
typical example of water powoi adapted to 
use m maclimo tools Poi table machines aie 
constructed both for light and heavy duties, 
and aie of the “ hinged ” and “ boai ” foims 
Fig 07 shows the ordinal y “hxodjaw” 
oi “ beai ” typo, 
with a piessuio 
supply at (a) to 
tho mam lam 
A which acts 
dnectly on the 
nvot, and at (b) 
to a eential cliaw- 
baclc i am B Tho 
body of tho 
mac lnno is at- 
langed to turn 
by means of a 
woim and wonn- 
wheol round a 
cast -sf eel hanger 
0, and to pen nut 
tins a water-tight 
swivel joint is 
fitted at J) 

Tho lunged type for use m a icstriotod space 
is illustrated m Fig 08, and shows tho lam 
and riveting tool at opposite sides of the 
hinge The diawback lam B is hero amuigod 
eccentrically 

There is also a class of fixed rivotois 
whoio the woik to be nvotod is slung and 
movable. A gap suit aide for tho kind 
of work to bo done is loft between tho 
jaws, which may lie oithet horizontal or 
vortical Tho largest machmos aio used for 
n voting tho seams of marine boiler shells, 
and the gaxis may bo fiom 9 to 11 ft 
The total piossuro exerted m such a tool 
may bo arranged to vary fiom 25 to 100 
tons with an intermediate stago of 75 tons, 
so that high-pressure water may bo saved m 
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the first stages of the operation A pleasure 
diagram from 'the cylinder of a hydraulic 



Fig 68 

riveter is shown in Fig GO and illustrates the 
use made of the variable power During the 
period AB the ram is brought up to its work 
under low pressure, 
and during BC with an 
intermediate pressuie 
the rivet head is 
formed Full power is 
exerted from C to D 
for the closing of the 
plate and the clinch- 
ing of the rivet, the 
latter operation being 
assisted by the rise 



Fig go 


uy wit? use 

uit which is an inertia effect consequent 

OH the sudden stoppage of the accumulator 
ram 

§ (88) Hoists and Luts —The ordmaty 
dnect-acting hydraulic hoist is very similar m 
its arrangement to the common type of press 
hut the ram cylinder is sunk in the ground 
to a depth somewhat greater than the travel 
ot the ram which carries the platform and 
cage If only the static load producing direct 
compression is taken into account, the area A 
of ram which would be sufficient to support 
a gross load of W lbs , including useful load 
and weight of platform and ram, when working 
with a supply pressure of p lbs per sq m 
would equal W/p sq m This requires l be 
increased because of the stress induced when 

tak fr Pla06 ’ and aIso becau se 

fiLtmn T r8qwred t0 oveioome 

faction It follows then that the area should 

mcC tr al t0 W+Mm+V/P square 
faction Wkere a 18 tbe ao °eleration and B 1 the 

If the travel is great, when the cage la at 
e top position the ram which acts as a 
column becomes liable to buckle and the 

dl^e? Tfo m ° reaaed t0 8 uard against this 
ganger This mcrease of area involves a 
corresponding greater lifting power if the 


piessuie j p is lotamed, and t alln f«n a iuiLhei 
modification m tho design 

(i ) JialttiH mg of Hoists 
— Eveiy opomlimi of the 
dnoct-iic ting hoist in- 
cludes tho lifting of (ho 
dead load, which is largo 
as coni jmiod wit h the uho- 
ful load, and the ofiic umcv 
is thoiotoio low 'Phis is 
obviaiioti by Homo means 
of oontinunuMly balancing 
tho weight ni the mm 
andca^o One method ia 
the use of ( ouiifei hidame 
weigh h h, attached to the 
top of the ( age by t luuim 
oi who c ablew juismntr civim 
guide ])iilleyH, which Jail 
as tho cage rises TIiih 
increases the fence noeeHsmty to produce 
accoleiation, since the mass is thotohy in- 
creased, and has tho dinad vantage that d, 
tends to put tho ipper pot bum of tJus mm m 
tension, which would iobuU m tho cage cuuslj- 
mg to tho top of tho lilt shaft should a 
xiactuie occur 

Another and hotter an ,uigomonf is hIiiimu 
m Fig 70, whoio tho lift c*ylmdm ts mippliod 
tiom a balancing cylmdoi’ (! m wlm h thorn 
works a hollow ram B -I\> Um mlono. of 
the lattoi is admitted a hlgh-piowum wuloi 
supply through tho conti al passage A, and tho 
hydraulic piessuie on tho utm in Iho halanoo 
cyhndci duo to this would ho Huflicicut U, 
hft the effective load To l.alamo (lie ,lmd 
load the ram may be designed ho that an ex- 
tension of it f oi ms Un P 
an external plat- H p Sl lPJ^i L 
form carrying ring 
weights inducing a 
pressmo suiTieicnt 
for tho dead load 
The lllus Li ation, 
however, shows 
the balancing force 
obtained by su 2 >ei- 
posmg an inverted 
cyhndei D over the 
plunger-hko exten- 
sion of the rani 
and supplying tho 
annulus between 
with water from a 
low-pressure tank 
During tho down 
journey of the lift 

tins balance water is returned to d« lank 

wS and f Pr ir 6 T t01 W <>' h auHlo,l <'• 

ZutTf T “ST 

Where the displacement roqimod m ukmiI 
as m lifts installed in pubho budding H , tin* 
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suspension type of lift (Fig 71) is used, and a 
comihUtiUvciy sfyoit stroke of hydiaulic ram is 

- multiplied to the xe- 

v quisite travel of the 
r-J — cage by means of a 

Jigget 

rt ( 11 ) Ju/r/et — Tina 

jj | y | consists of a system 

| • of pulleys di ranged 

U| j I | m two blocks, the 

! | j j upper one ( a ) fi^cd 

! ; ; | | in position, the lower 

! j | J , one (b) having the 

j ! . |L motion of the lam 

j { rn ' Thewne rope usually 

[ ; , *; 6 * A I ^ I oni])loyod is passed 

j ; ^ ' it] ovot ^ 10 s ^ cavcs 

I j 1 | j | the lowoi and upper 

{If | | I blocks alternately, 

;r/| , D till anc * ono cnc *’ being 
Ip" !] * fastened to the upper 

j-j _ !| ;! I block and the other 

led over guide pul 
' v leys, is attached to 
Fia 71 the top of the cage 

Tho multiplying 
factor m oi tho ratio of tho motion of the cage 
to that of tho lam is equal to tho number 
oi ropes supporting tho bottom block The 
load to bo i amed may be distributed over two 
oi more r opes, but the value of m is unalleeted 
(m) Balammg of Lifts — Dor any great 
dog i oe of elftciciK y tho dead weight of the 
cage must be balancotl, and tins is done by tho 
use of balance weights suspended by wne 
lopes earned over guide pulleys and attached, 
like tho lift ropes, to the top of tho cage A 
considerable variation m tho effective weight 
apait from any ehango m live load ooouis, 
duo to tho tiansfer of rope weight fiom the 
r am to the cage side of tho suspending pulleys 
as tho cage usos and falls Two alternative 
methods of balancing this vanation are 
shown m Fig 71 The simplest is wheio ono 
end of a balance chain of length equal to half 
the travel of tho lift is fastened midway uji 
the shaft and tho other end to the bottom 
oi tho cage When tho cage is at its lowest 
position the •weight of the chain is entirely 
oamod by tho fixed fastening, and, when half- 
way up, equally by shaft wall and cage The 
weight thus thrown on cago is designed to 
equal tho weight of rope transferred to the 
ram side of tho guide pulleys 

If u\ bo the weight of the balance chain, 
and tv the weight of the suspending rope m 
pounds per foot run, then m order that the 
dead load shall lemain constant 


<■♦£) 


The other alternative is the use of a water 
column compensator d connected to tho bottom 


of the i am cylinder D, as shown m dotted lines 
When the ram is at its highest position the 
cage is at its lowest and the water-level m 
d is least As the cage rises and the weight 
of suspended rope is diminished water^ is 
displaced fiom D to d , and its head decreases 
the effective pressure of the ram m a corre- 
sponding degree 

If L be the lift of the cage, L/m the stroke 
of the ram, D and d the diameters of the ram 
and compensator cylinders respectively, then 
the height h of the compensator will equal 
L/m(D 2 /^ 2 )» and its balancing head will have a 
total difference of h + L/m feet The maximum 
vanation of weight to be balanced will equal 
?eL(] +1 /m), and from this data the diameter 
d may bo determined 

The suspension system necessitates adequate 
safeguards against the fracture of a rope, and 
suffeis in comparison with the direct lift 
owing to the inefficiency of the jigger, the loss 
varying directly as the value of m, but it is a 
much more compact and convenient arrange- 
ment m use 


Tho usual sj)eed for lifts, having regard to the 
comfoit of passengers, is about 2 ft per second, 
hut foi expiess seivice m America a speed as 
high as 8 ft per second is not uncommon 
§ (59) Cranes — The principle of the hoist 
and jigger is extended to the handling and 
raising of goods by cranes, the cage being 
replaced by a hook from which the load is 
suspended Separate rams and cylinders are 
employed to effect through jiggers the opera- 
tions of lifting, slewing, and racking, each 


under mdependent con- 
tiol In special ap- 
pliances, such as the 
hydraulic coal tip, the 
combination includes a 
direct - acting hoist, 
capable of lifting at the 
dockside a railway wag- 
gon weighing 10 to 20 
tons to a height suffi- 
cient to enable its con- 
tents to be discharged 
through a shoot into 
the hold of a vessel 
suitably moored The 
mam operation of lifting 
the platform carrying 
the load is by means 
of direct -acting rams, 
while the operations of 



tipping and working Tig 72 

the cranes connected 


are all performed by hydraulic jiggers 

An important feature in cranes is the 
method adopted where the load vanes within 
wide limits in order to economise water at 


light loads A differential ram of the type 
shown m Fig 72 is used, high-pressure water 
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being admitted at A A solid xam ? fits inside 
a hollow lam R woilang m a eyhnder C It is 
arianged that if the load is a light one R may 
be locked to C by a catch a and the lifting done 
by J For heavy loads a is released by an 
upward movement of the lever L, ? and R 
move together, and the lifting aiea is then 
that of R 

§ ( 60 ) Hydraulically-braked Machines 
— This class of hydiaulic machine is the 
converse of those just descnbed, and has for 
its pumaiy object the rapid but gradual 
absorption of energy from a moving body 
and its dissipation with the least possible 
shock Its essentials aie contained in the 
ordinary dashpot used for damping the 
oscillations of various mechanisms This 
device consists of a cylinder litted with a 
piston and rod and filled on eithei side of the 
piston -with watei oi some moio viscous 
fluid and the ends connected together by 
constricted passages Any displacement of 
the piston is accompanied by a transference 
of the fluid from one end to the other, and 
the late at which this is effected governs the 
speed of the piston and the vibrations of the 
mechanism to which it is attached 

A high velocity is imparted to the displaced 
fluid duimg its flow through the constuctcd 
passage, and eneigy is dissipated jiartly m 
eddy formation, partly in oveicommg fluid 


faction, and partly in overcoming the 
mechanical faction of the device It is 
usually desirable that the resistance should 
be unifoim throughout the piston displace- 
ment, and to ensure tins the velocity of flow 
upon which the lesistance mainly depends 
must he kept constant Since the rate of 
displacement diminishes as the moving body 
is gradually brought to rest it is necessary to 
reduce the area of the connecting passage 
proportionally 

( 1 ) Buffer Slop — A typical example of the 
use of this on a huge scale is the buffer stop 
for railway work, as shown m Fig 73 The 
connecting passages are two rectangulai slots 
a, cut m the piston and working over tapered 
longitudinal slaps of uniform width fitted to 
the cylinder As the piston is displaced fiom 
A to B the area of the passages is proportion- 
ately reducod In this arrangement the piston 
rod is designed to he in compiossion, and is 
continued through the real end of the cyhndei 
Without the addition of this tail lod the 
volume of fluid displaced by the piston would 


he gi eat ei than the volume available on the 
other side by an amount ecpjal to the volume 
of the piston lod when closing, and motion 
would bo impossible unless a portion ot the 
fluid was allowed to escape fiom the cylmdoi 
(n ) Gun tec oil Cylindo — Anothci applica- 
tion is the tension lecoil tylmdet foi a gun 
lllustiated in Fig 74 ILeio t no annular 
connecting passago p woiks ovei a tapoicd 
circular spmdlo S fixed longitudinally in the 



cylinder, the aioa of opening vaiymg with 
the diameter of the spindle, winch, also acts 
as a tail rod to the piston tfinco m this case 
the piston loci is intended to be in tension, tho 
absence of a tail iocl ’ivould tend to pi educe a 
partial vacuum behind the piston and thereby 
mcieaso the resistance to closing The piston 
is returned in i oadmoss foi anothoi open alien 
by springs compressed dining the ionvaid 
stioko or by countoi balance weights, though 
with hxod structuicB a supply ol piossme walei, 
if available, may 
bo used A 
secondaiy dash- 
pot I) is mtio- 
ducod to clamp 
the lotmn osul 
latum, the oemti al 
spindle them act- 
ing as the piston and tho escape of the fluid 
taking place along grooves m fls muiace 
maikocl ry The gonoial equation of eneigy 
foi this class of machine is as follows 

A~net effective ami ol piston m square 
foot, 

a=dfcctivci aiea of passages, 

L-HengUi of pintail displacement m fc et, 
l "length of oimnct ting passages, 
v and V—vcloutios of fluid tlnough piissag(H and 
ol moving body rcHpcc tivc ly, 
wAL=wughtol lluid displaced, 

W = weight of moving body, 

WV * 5 

Work done m bunging body to t osb - 

=Kmotic eneigy imparted lo (hud 

-I eneigy spent m oveioommg fluid fnolmi 
•Knagv spent m ovc rooming meoluuuea 
rosistaiioe F, 
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^ ({>1 ) ID NAMOMi'AM' h 1 — Tins braking mech 
(tiiiHiu Moi v oh not only tlie purpose of ab&oibing, 
but also ol imiiHUung the eneigy available 
at. a lotatmg shaft The standaul Fioudc 
ar i augomtuil lllustiated m Fig 75 consists 
ol a disc whed A ligullv connected to the 
involving shaft, and has a senes of curved le 
c omhoh m ))oc kots E on both faces The recesses 
nio hc im-t ylmdiual, with the dividing walls F 
eon tamed by planes making an angle of 45° 
with the axis oi the shaft and inclined foi wards 
m the du option oi motion The casing B is 
mounted on, but lieo to rotate about, the 
shaft L) and has, on its inner faces, pockets 
which «uo the complement of those m the 
disc Wat oi undoi pressure is led tliiough 
the mlet tl passing by ducts 11 m the dividing 
walls to the ckaianco space between the two 
mds oi pockets, and tlienoe into the pockets, 
whole a voitox motion of the watei particles 
in sot. up The water is thus projected from 
the outci penphoLy of the impoller to that of 


mlet valves, so that a constant moment is 
pieseived If the speed of the shaft increases, 
causing an mci eased moment on the impeller, 
the casing receives a slight displacement, and 
this is made to close the mlet and open the 
outlet valves This leduces the mass of water 
m the biake and, consequently the moment 
of the casing Oscillations due to \anations 
of speed are damped out by a dashpot D 
connected to the biake aim 
§ (62) Hadraulic Transformers — The 
possibility of using hydraulic elements effi- 
ciently m a tram of mechanism has lately 
claimed considerable attention The fluid is 
not regarded as possessing energy, but is 
viewed, like belting or gearing, simply as a 
means of transmitting it Development has 
taken place m two distinct directions 

(a) The earlier and the commoner is based 
on the contmuous flow or motion of a fluid 
column as a whole, and assumes the more or 
less complete meompressibihty of the fluid, and 



the casing pocket and guided by its semi 
circular boundaiy back to the impellor The 
clearance betweon the disc and the casing 
allows ol a small escape of water fiom the 
pockets to the chamber C, the amount being 
controlled by the outlet valve The change 
m the moment of momentum of the water 
about the shaft, which occurs as it passes 
iiom the impeller to the casing pockets, 
produces a moment acting on the casing equal 
to the moment m the shaft Tins moment is 
balanced and the casing kept stationary by 
the moment of an external force acting on an 
arm projecting from the casing, and at right 
angles to the shaft The magnitude of this 
moment is easily measured, and the energy 
abboibod per minute by the brake is equal to 
2?r x measured moment (ft -lbs ) x revolutions 
pm mmuto of the shaft 

The external force consists of balance 
weights applied at the extremity of the arm, 
together with a nder weight sliding along the 
scale mai ked on the arm 

The brake is regulated automatically by 
having the easmg connected to the outlet and 
1 See also article on " Dynamometeis ” 


(b) the other depends upon the elasticity 
of the fluid, and utilises its resilience to propa- 
gate pressure waves and thus transmit eneigy 
fiom the generator to the point where force is 
to be applied 

Either system requires as essential elements 
a pump to impart energy to the fluid and a 
motoi to transform it into w ork 

§ (03) Transmission by Fluid Motion 
Hydraulic JacL — This well-known machine 
may be taken as the simplest and oldest 
example of the hydraulic transformer, and is 
shown m Fig 76 A plunger working m a 
pump chamber C, and operated by the re- 
ciprocation of a hand lever A, pumps water 
fiom a reservoir B, through suction and delivery 
valves v 3 and v d9 into the ram cylinder D. 
The ram forms at its lower end the base upon 
which the jack stands Leakage between 
the ram and its cylinder is prevented by a 
cup leather which makes a water-tight joint 
between them The weight is earned either 
centrally on the top cover or eccentrically by 
a piojectmg claw near the base, and is lifted 
by the displacement effected by the water 
pumped into the ram cylinder Any accumu- 
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lation of air is lemoved through a small hole 
m the cover normally filled by a sciew plug 
Should the proper lift be exceeded watei 
escapes thiough the opening 0, and lowering 
is effected by means of 
a screw - m valve L 
which allows com- 

CZ Z 3 ) 

mumeation between 
the reservoir and the 
ram cylinder The elc- 
L ments accoidmgly aio 
a simple force pump 
and an accumulatoi 
If l and L bo the 
distances of plunger 
and lever handle from 
the centie of oscillation, 
a and A be the areas 
m square inches of the 
plunger and 1 am, and 
P/W be the ratio of the 
force exerted to the 
weight lifted, then 
P/W=Za/LA 
The efficiency de- 
pends largely on the 
method of loading, the 
frictional losses being 
much greater when the 
machine is eccentrically 
loaded These losses 
being largely mechani- 
cal, and not hydraulic, do not increase pro- 
portionately to the load, and hence large 
machines are moie efficient than small ones 
§ (64) Compagne Hydraulic Gear and 
Hlle-Shaw Pump — An interesting applica- 
tion of energy transmission is the reducing 
gear of motor - car and other engines A 
successful example is the Compagne Hydraulic 
Gear, which has as its important foature the 
well-known Hele Shaw pump with variable 
stroke The pump, which is driven by the 
prime mover, takes water or oil from a supply 
tank and dehveis it with added pressuro and 
kinetic energy to a hydiauhe motor of the 
constant stroke type, keyed to a secondary 
shaft By vaiymg the stroke of the pump 
while maintaining the speed, the dischaige 
may bo made to vary, and as a consequence 
the speed of the motor and its shaft 
The principle of the pump, which is of the 
rotary-plunger class, is similar to but the 
reverse of the Rigg engine, and is illustrated 
in Fig 11 Multiple cylinders A with their 
axes set radially form a monobloc which is 
coupled directly to the engine shaft The 
plungers C working m the cylinders carry 
gudgeon pms D which engage m and are guided 



by giooves in a floating ring F which is mounted 
on ball healings and i otates m a housing G 
The housing is capable of a tiansvoise motion 
across the casing, so that the axis about which 
the ung rotates may oithci coincide with 
that of the engine shaft oi ho cicentiu to 
light cu left of it The stioke of each plungci 
with icspect to its cylinder is equal to twice 
this cecentiicity, and changes ifs lolaiivo 



diiection when Iho axis of the ung passes 
thiough the coneentnc position This results 
m a reversal m the direction of the flow 
without an altoiation m the dneetion of 
rotation of the pnmo mover, and the change 
from full forward to full iovoiho dischaige 
is made gradually and without shock The 
woikmg fluid is led to the cylinders hy pints 
m a fixed stub-axle B which (its into the 
hollow end of the engine shaft, and is con 
ti oiled by a eneulai lotai y valve It is chaw u 
from tho supply tank dm mg the outwaid 
oi suction stioke of the plungei thiough 1ho 
passage II, and by this arrangement tho elicit 
of contufugal force is to lemfoiee the supply 
pleasure and thus prevent separatum of fluid 
and plunger at high speeds The mtwim of 
the floating nng is always flooded wdh the 
fluid, but the space between if and the casing 
is kopt carefully drained to minimise disc 
friction Tho friction of tho gudgeon pms 



in then guides being gi eater than the rosistani o 
between the housing and tho ring ball-hoar mgs, 
causes the ling to revolve with tho cylinders 
This is an essential feature in the high oiheioiu y 
of the pump, tho frictional resistance being 
thus reduced to a minimum 

Discharge takes place thiough tho passages 
K to the hydraulic motor, which is of similar 
construction to the pump, but of the constant- 
stroke type, and wox Its mvoi soly It is con pil'd 
directly to tho diivmg- wheel axle, and is 
illustrated m Fig 78 Instead of tho floating 
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cage a cam N is used as a track ot guide foi 
the ball beaung lolleis M earned by the 
gudgeon, pms D, and it is designed so that each 
plungei makes two stiokos per revolution 
The ovei-all efficiency of a pump and motor 
transmitting 37 hoisc-powei is stated to 
lange from 75 to 85 pci cenb Tho pump had 
a constant speed of 770 i evolutions, and the 
vanation m the speed of the motoi is given 
as from 50 to 170 revolutions pci minute It 
seems likely that the advantages of a continu- 
ous-variable geai of this class will bo bettei 
realised m connection with the tianspoit of 
heavy loads in the future 

§ (05) Fottinger Gear — Whete the energy 
to be transmitted and the speed of woikmg aio 
of much gieatei magnitudes, a suitable foim 
of hydraulic transformer is the Fottmgoi geai 
Rueh conditions obtain m tho case of the power 
plant for ship propulsion, wheie thoie exists 
the necessity for a high speed of tui bine shaft 

together with 
a low speed of 
propeller shaft 
m order to 
secure tho 
maximum 
efficiency of 
both This in- 
volves some 
system of 
speed reduc- 
tion, which m 
the case of 
slow - moving 
Pig 79 steameis may 

be as groat 

as 20 to 1, and foi fast boats (> to 1 It 
is m connection with the latter ratios that 
hydraulic transformers liavo been found suit- 
able The arrangement (Fig 79) consists of 
an impeller wheel A keyed to the after end 
of the primary power shaft, and a two stage 
rotor wheel R mounted on tho propeller 
shaft The water passages of tho impeller 
and rotor wheels, with the addition of a 
short length C of guide passage which is 
attached to the casing, form a closed circuit 
and aie filled throughout with watoi Tho 
rotation of the primary shaft sets up a pressure 
difference between the inlet and outlet of the 
impeller A as m a centrifugal pump, and flow 
is induced m the circuit Part of tho energy 
thus given to the water is absorbed by tho 
motoi m its first stage B Tho water is then 
guided by the fixed passages G towards tho 
second stage I), from whence it discharges into 
the inlet of the impeller A and the cycle is 
repeated By a suitable design of the vanes 
the rate of flow through the rotor is very much 
less than, m the impeller and tho speed of 
the secondary shaft thereby adapted to the 
efficient working of the propeller The trans- 


former is supplied with water at N from a low- 
pi essure supply tank foi the purpose of making 
good any leakage fiom the wheels 

Wlioie leversmg requires to be provided 
for, a go-astem transformer similar to that 
described is mcorpoi ated, and the water of 
tho liaiivsfoimoi not m use is emptied into a 
dram tank, fiom which it is delivered by means 
of a small centafugal pump into tho supply 
tank A manoeuvnng valve of the balanced 
piston typo contiols the opening to this tank 
of the tiansfoimci in action and to the chain 
tank of the othei, simultaneously The 
tiansmission latio remains constant at all 
speeds, and a reduction of 0 to 1 lias been 
successfully applied, tlie cncigy tiansnntted 
being 25,000 lioise-powei, and the efficiency 
stated to bo 90 x>oi cent 
§ (00) Transmission by Wave Motion — 
With this system enoigy is transmitted fiom 
one point to another, winch may bo at a con- 
sumable distance, by means of impressed 
peuochc variations of piessure producing 
longitudinal vibrations m a fluid column The 
characteristics aio analogous to those existing 
when a valve is suddenly closed m a long pipe 
lmo containing watoi in motion, and waves of 
altomate pressure and laiefaction aio propa- 
gated thiougliout tho length of the pipe 
Wlioio the punciplo is utilised foi the trans- 
mission of onorgy, the pi essure wave is initi- 
ated m tho fluid by tho outwaxd stroke of a 
pump plungei operated by a pnme mover oi 
geneiatoi Tho displacement of the plunger 
is lesistod by tho moitia o£ tho fluid, a change 
of piessuie occurs, and a pressure wave travels 
along tlie column , elastic, clefoi mation takes 
place and icsihent enoigy is stoiecl At tho 
distant or outlet end a motor of equal capacity 
and similar dimensions to those of tho pump 
absorbs the oneigy contained m the fluid, and 
if all factional losses aio assumed to be 
negligible tho motor plunger has a displace- 
ment equal to that of tho pump Tho return 
stroke of tho pump is similarly followed by a 
wave of negative pressuie oi rarefaction, 
which on leaelmig tho motoi induces the rovorso 
motion of the plunger If piopcily synchron- 
ised, tho further motions of tho pump aie 
followed by corresponding movements m tlie 
motoi, and tlie enoigy available at the latter 
will be equal to tho power of the pump 
diminished by tho fluid lnction m tho pipe 
line and the resistance of tho mechanical 
elements Tho displacement volume of tho 
plungois does not exceed tho elastic volumetric 
deformation of the fluid, and tho stroke is 
accordinglv small To enable,^ theief cue, any 
considei able oneigy to be transmitted, tho 
number ot strokes per second is made large, 
and a typical 10-hmso-powoi geneiatoi rotates 
at a speed of 2100 revolutions per minute, 
giving 40 wave impulses per second to a 
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plunger of 1 i m diameter and m stroke, 
the length of the pipe lme being 240 ft The 
maximum pressuie leached undex these 
conditions is 1500 lbs and the mean about 
750 lbs per sq m The presence of air m 
the pipe line creates surges and fluctuating 
pressures, and valves foi the release of air aie 
provided both at the pump and the motor 
A capacity chamber communicating with 
the mam pipe, filled with water and fitted 
near the pump, acts m a similar manner to the 
air-vessel m an ordinary reciprocating pump 
and equalises the pressure Before starting, 
the pipe lme is charged by an auxiliary water- 
pump, if a giavxty feed is not available, to an 
mitral pressuie of about 100 lbs per sq m 
Any free an m the system is allowed to escape, 
and the pump, driven by an eleotnc or other 
convenient geneiatoi, is then started up 
Fig 80 shows the arrangement of a portable 
duplex pump driven from a generator shaft 
developing 10 horse-power at 40 cycles per 
second Two capacity chambers B, with a 

the system as a moans of power 
transmission aio claimed the incuts 
of gioat flexibility and polled safety, 
while its efficiency is stated to 
greatly exceed that of compressed 
an or electricity Its application on 
a piactical scale in at present being 
demonstrated, and may bo readily 
oxpected to yield important results 


HYDROGEN, Gil AIIAC1TERISTIO C()N 
stants oi?, tabulated See 
“Thermal Expansion,” ^ (II) 
(m ) 

UydROGEN, SWAltATlON HIOJVI 
Water-gas See “ Gases, Lique- 
faction of,” § (2), 

Hydrogen, SpKomo 1 1 hats of, 
tabulated values obtained by 
School and House See “Galuu- 
motiy, Electrical Methods of,” 
§ (15), Table IX 



specially designed for the i datively high 
alternating piessuics 

The system described is that devised 
by Mr G Gonstantmesco, who lust utilised 
the principle to pioeiue synchronisation of 
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machine-gun hro with tho revolutions of 
aeroplane piopollors by means of lus C G 
Intouuptei Gear, which enabled 2000 shots 
per minute to bo fired between the blades of 
a propeller i evolving at a high speed without 
the danger of tho blades being struck For 


communicating passage P to equalise pressures, 
are fitted 

The motor may be similar to tho pump 
but woikmg inversely, or the energy may bo 
taken off at various points along the pipe 
line by motors specially adapted to the tools 
to be opeiated 

It is obvious that m long pipe linos flexibility 
and the prevention of leakage of the fluid are 
factors of vital importance, and Fig 81 shows 
a sectional view of the piping which has been 


Hydrogen, used as Thermo metric 
Substance Bee “ Thcimodyuamus,” 

kW 

Hydrogen Scare of Temperature, Normar, 
represented by a set ol rone dur thermo- 
meters at tho International Buieau, tho 
international standard of temper dune 
See “ Temperature, Realisation of Absolute 
Scale ol,” § (30) 

Hydrorrane See “Ship Resistance and 
Propulsxon,” § (35), 
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T‘/» Cir vut, lopioscnUiion of action of ideal 
vapom i ompiossion lefugciatmg machine 
on »S <‘0 “ Itofiigci ation,” ^ (3) 
tow, Density o i' , at () Q 0, tabulated values 
assembled by Roth foi the determination of 
a value foi use in calculating the latent heat 
nl fusion See “ Latent Heat,” 8 (15), 
Table I \ 

Iok, Latmnt IIklt of Fusion of 

Determined by A W Smith by the Electrical 
Method See “ Latent Ileat,” § (16) 
l Intel mined by means of the Ice-calonnieter 
Hoo ibid ft (15) 

Dot ei mined by Regnault by the “Method 
o| Mixtures ” See ibid ^ (14) (i ) 

I)<‘toi mined by vauous obseivers and 
tabulated See ibid (17), Table X 
Investigated by Black m 1762 and by 
Lavoisier and Laplace m 1780 See 
ibid 13) 

Vanation with Tempeiature of See 
ibid <*(18) 

low i*o i nt on the Kelvin Thermodynamic 
Scale, 1 ) OTTOiiM in atton of See “ Terapera- 
tiue. Realisation of Absolute Scalo of,” § (21) 
Ideal Gas Entropy, Energy, Total Heat, 
and other Propwiities of See “ Thermo- 
dynamus,” jj (57) 

IGNITION Ik)! NT, DETERMINATION OF See 
“ Flash -point Dctonnmation,” § (6) 

Cm ao Ei Eki'Eot of Size of, on Indications of 
Radiation Pyrometer See “ Pyiometry, 
Total Radiation,” 4$ (14) (n ) 

Impact and Notched Bar Testing See 
“ Elastic Constants, Determination of ” 
The Ohaipy Method § (98) 

1 hmensions of Standard Tcst-picccs § (102) 
Effect of Vanation of the Angle of the Notch 
of the Test-piece § (103) 

Eiloet of Vanation of Root Radius and 
Depth of Notch of the Test piece § (104) 
Eiloet of Size of Specimen on the Results 
obtained § (109) 

Eiloet of Variation of Sinking Velocity on 
the Energy to Fiacturo § (107) 
Experiments by Izod, Stanton and Bairstow, 
Haiboid, and Progress of Impact Test- 
ing m Bntam § (99) 

Gonoial Oonsideiatxons and Methods of 
Tost §§ (98)-(101) 

Results of Izod Tests on Materials Correctly 
and Incorrectly Heat Treated § (101), 
Table 32 

Slow Bonding Tests on Notched Bars 

S (108) 

Tests at Varying Temperatures § (119) 
Tests undo! Repeated Bonding Impact 
^(111) 

Use of Round Test pieces § (105) 


T 


Impact Tests 


vui Dcrew xnreads— Results with Different 
Forms of Thread See “Elastic Con 
stants. Determination of,” § (41) 

On Unnotched Bais See ibid $ (110) 
Impulse Turbines 

Hydraulic See “ Hydraulics,” III § (45) 
Steam See “ Turbine, Development of the 
Steam,” § (2) , “ Steam Turbine Physics 
of the,” §§ (10), (15) 

Inclined Plane See “ Mechanical Powers,” 

§ ( l ) 


Index Law in Fluid Resistance See 
“ Friction,” §§ (13), (17) 

Indicated Thermal Efficiency See 

“ Petrol Engine, The Water cooled,” § (2) 
Indicator, Hopkinson’s Optical See 

“ Pressure, Measurement of,” § (19) 
Indicator Diagram, Watt’s A curve shov- 
ing the relation between the volume and 


the pressuie of a substance undergoing 
thermodynamic change See “ Thermo- 
dynamics,” § (11)^ 

Indicators, Steam-engine See “ Pressure, 
Measurement of,” § (18) 

Injectors and Ejectors 
Gaseous Stream See “ Air-pumps,” § (27) 
Liquid Stream See “ Air-pumps,” § (30) 

Instability, Failure of Stpucturls due 
to See “ Dynamical Similarity, The Prin- 
ciples of,” § (45) 

Instantaneous Centres of Points in a 
Mechanism See “ Kinematics of Machm- 
°ry>” § (5) 

Intensifiers, Hydraulic See “ H> draulics,” 
§ (56) (iv ) 


Internal Combustion Engines 

Losses in See “ Engines, Thermodynamics 
of Internal Combustion,” § (55) 

Loss of Heat to Walls during Explosion 
and Expansion See ibid § (56) 

“ Mixtures ” for See ibid § (26) 

Internal Energy of a Body- See “ Thermo- 
dynamics,” §§ (10), (12), and (30) 

Internal Pressure Correction to a 
Thermometer See “ Thermometry,” § (3) 
(ii ) 

Involute Teeth See “ Kinematics of 
Machinery,” § (9) 

Inward -flow Turbines (Hydraulic) See 
“ Hydraulics,” III § (49) (m ) 

Iron Oxide, Emissivity of, determined 
by optical pyrometer See “ Pyrometry, 
Optical,” § (18) 

Isentropic Change A change m the press- 
ure volume and temperature of a body 
carried out reversibly m such a way that the 
entropy of the body remains constant See 
“ Thermodynamics,” § (24) 
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Isopentane, Critical Isotherm of viluo 
of pressure (1) calculated by Dieter lei s 
second equation and (2) observed, tabulated 
against the volume See cc Thermal Expan- 
sion,” *i (21) 

Isothfrm il Change A change m the 
volume and pressure of a body earned out 
reversibly m such a way that no chango 


m the tempt ratine of the bodv m aliened 
to occur See “ Themiodyiiciniu s,” ^ (lb), 
“ Engines, Thermodynamic s ol lnteunl 
Combustion,” ^ (3) 

Isotropic Materials a name given to 
substances which exhibit Nimilat pioperties 
m all directions Seo “Elastiuty, Thorny 
of,” § (4) 


J 


Jack, Hydraulic See “ Hydiaulics,” § (03) 

(O 

Jaquergd and Perrot, 1905, companion of 
gas-thermometer with socondaiy standaids 
of temperature m range 500° to 1600° See 
cc Temper atuie. Realisation of Absolute 
Seale of,” § (39) (xn ) 

Jet Propeller for Ships See “ Ship 
Resistance and Propulsion,” ^ (52) 

Jets, Theory of See “ Steam Engine, 
Theory of,” § (12) 

Jigger for Hydraulic Lifts Seo 

“ Hydraulics,” § (58) (n ) 

*> 

Joule 

Equivalent See “ Mechanical Equivalent 
of Heat,” § (2) 


Experiments on Mechanical Equivalent ol 
Heat See ihid ij (2) 

Joule-Tiiomson Em hut Soo “ Cases, Lrqun 
faction of,” (1), u Tlioi mndyiumu s,” 
(12), (43), (50), (57) 

Joule Thomson Efeeut, Inveemion of Hio 
“ Tirol mod ynanncB,” ^ (50) 

Joule - Thomson Equation a thonno- 
dynamic equation, providing: mi additional 
method of testing a gas equdioii Seo 
“Thermal Expulsion,” § (23) 

Joule - unit of Work Seo “ Meehaiuud 
Equivalent ol Heat,” tj (3) 

Joule’s Law See “ Engines, Thermo- 
dynamics of Internal Combustion,” ^ (lb) 
Joy’s Valve (l hah, Velckut\ Pfuummh 
for Seo “Kinematics ol Maelimory,” 
§ W (m b 
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Kelvin Double Bridge Method of measur- 
ing Resistance applied to the Platinum 
Resistance Thermometer See “ Resist- 
ance Theimometers,” § (19) 

Kelvin’s Absolute Scale of Temperature 
See “ Engines, Thermodynamics of Internal 
Combustion,” § (7) 

Kinematics That of the science of 

mechanics which treats of the motions 
of bodies without icfcience to the bodies 
oi to the causes winch give use to the 
motions 

KINEMATICS OF MACHINERY 

This subject, as its name implies, deals with the 
motions of the various jiarts of machines with- 
out reference to either the forces involved or 
the actual proportions of tho jiarts, other than 
those dimensions which determine the motion 
A machine consists of one or more /cme- 
matic cliaim) each of which consists of a 
senes of members moving in a defimto manner 
The vanous members are treated as rigid 
bodies, any effect due to their elasticity being 
introduced as a correction Parts which are 
deliberately made flexible, such as belts, 
chains, etc , are not usually consideied as 
members m this sense, but merely as imposing 


certain tonsil amts on tho members on whuh 
they act 

§ (I) Degrees of Freedom Co ordinates 
(x ) Definition# — To determine tho position 
of a rigid body m space, six quantities mo 
needed Fox instance, wo may Hpeuly Uio 
Cartesian co ordinates ol a point on it, and 
also tho tlueo angulai co-ordinates, usually 
called Roduguo’s Co ordinates, which spicily 
its position with respect to throe rectangular 
axes through that point Any one ol these 
co-ordinates may vaiy without allot (mg tin 
otheis, giving six ditto cut motions, and home 
a xigid body is said to have six thym* uf 
freedom Any motion may be specified m 
terms of tho rates of change of these < <>« 
ordinates, and any limitation imposed on I hem 
is called a constraint, tho degree of tins con- 
straint being tho number of e<| nations between 
the co-ordmates to which it gives use, and 
the body being said to have lost th.it number 
of degioes of hoodom For instant o, d one 
point is constrained to ho on a plane, one 
constraint is imposed and jjvo degrees of 
freedom remain, whilst if two points are eon 
strained to lie on a straight line, loin condi- 
tions are imposed and two degrees ol freedom 
aio left, which are easily recognised as (num 
lation along tho luxe and lotatxon round it 
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lo * l °ti of a body be sucli that all 
' v V h initially be m a fixed piano 
c ° So, three concbtions aie imposed 
j 0 *! is lef erred to as plane motion, 

.^rees of fieedom remaining to be 

^ structure to which the various 
1Cc ‘H<unsm aie attached, and relative 
Le y move, is called a frame 

of a maclime which react on 
1? Either dnectly or through the 
<l flexible belt or chain, aie said to 
Trails may be classified accoidmg 
nbei 0 f degiees of freedom which 
one member when the othci is 

ius only permit ono degree of free- 
111 ono membei revolving without 
1 lr i a hole m the other which it 
! > «*• block on one woikmg m a slot 
iei » and a nut on its sciow, aio 
d lower pairs The first two are 
°I plane motion, the fluid is 

1(1 w <8 allow two degrees of freedom 
instance is a lound pm in a slot, 
pin can move along the slot, and 
3Volve on its own axis In piano 

0 surfaces which touch along a line 
ier pair, for both lolling and sliding 

Tins is sometimos taken as a 
of a highei pair, a lower pan 

1 defined as having contact ovei 

The contact of toothed wheels 

i instance of higher pairing, and 
connection of two pulleys by a 

cases a higher pair can ho replaced 
tional member and two lower pans 
to see that this docs not altei the 
degrees of freedom For instance, 
s slot may be leplaced by a pm m 
Inch works in the slot This lias 
ant practical advantage of i educing 
belt can at any instant bo con- 
a ngid member pm-jomtocl to tho 
ontact 

cs of Motion — Pans of higher order 
used and aie not classified It is 
simple matter to dotonnmo by m- 
hetlier on© or moio types of motion 
Lo to an assemblage of pads, but 
given m books on mechanism for 
Jus be so by counting tho number of 
ncl pairs of each type Tho simplest 
to count the number of members 
the frame and to multiply by three 
motion), and then to deduct twice 
t of lower pairs, which impose two 
i each, and once the number of 
irs, which impose one each If 
mibers are connected by the same 
lor the pm as attached to one of 


them and imposing two constraints on each of 
the others There aie thus four constiamts 
where a pm unites tlnee members, six when 
it unites four, and so on 

For example, consider two rods attached by 
pm joints to one another and to the frame 
lloio wo have two membei s each with tlnee 
degiees of fieedom, making six m all, also 
three joints imposing two constiamts each, so 
there is no degree of fieedom left and we 
havo not a mechanism hut 
a frame If the numboj of 
degiees of fieedom is negative 
tho fiame is said to have 
ledundant membei s 

Consider next thiee iods 
pm -jointed to one anothoi 
and to tho frame lloio we 
have 3x3 = 9 degrees of free- 
dom, and 4 x 2 =- 8 consti amts, 
hence one degiee of fieedom 
remains, and wo havo a 
mechanism oi kinematic chain, usually called 
tho Four Bar Crank Cham, tho fomth bai 
being the frame 

The introduction of a fourth rod would give 
4^3 = 12 degrees of freedom, 5x2 = 30 con- 
stiamts, lienee two degiees remain, more than 
ono type of motion is possible, and the airange- 
mont is not a kinematic chain 

Considoi a crank driving a conneoting-iod, 
the other end of which caines a pm moving 
in a slot Jleio wo have, m addition to tho 
fiame, two members, each with tlnee degiees, 
two lowoi pans imposing two constiamts each, 
and one higher pair imposing one JIcnco 
theio is one degree loft This mechanism, 
modified by leplaemg tho highot pan by a 
block m the slot, pm jointing to the conncctmg- 
lod, is called the Shcloi (hank Chain, and 
assumes vauous foims or invasions by fixing 
various membois As doscuhod it is tho 
mechanism of tho tin ex- 
acting engine, fixing tho 
connecting- rod wo got 
tho oscillating cylmdn 
engine, lixmg the crank 
wo get the xotaiy ongmc 
and tho quick return, 
and fixing tho block wo 
got a mechanism known as tho pendulum 
pump, but not much used 

Oonsidor a rod with two pms working m 
two si ( >ts in the f l amo H cu o w o havo one mem - 
hoi with its thiee degrees of fieedom, and two 
highei pairs, leaving ono degree Tins mech- 
anism, with the higher pairs replaced by blocks 
and lower pans, is called tho elliptic trammels, 
as any point in tho rod describes an ellipse, 
and by inversion we get tho elliptic chuck and 
Oldham’s coupling 

§ (2) Loot — An important branch of the 
subject is the determination of the loci of 
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points m a mechanism, and the de&ign of 
mechanisms to tiace given loci The ordmaiy 
methods of analytical geometry are employed, 
but theie aie special approximate methods 
used m ceitam cases where the complete 
solution is not leachly obtained Much 
thought was at one time given to the subject 
of paiallel motions, a term used to denote a 
mechanism winch guided a point m a straight 
line Such mechanisms aie now much less 
impoitant than they were, but an analysis of 
one of them (Matt’s) will illustrate a method 
which is very useful In tins mechanism 
two lods each pivoted at one end have their 
othei ends joined by a link A portion of 
the path of one point on the link will 
then be a close approximation to a straight 
lmo 

The anangement of the mechanism is shown 
m Fig 3, with a centre line diagram below 

^ v-v it Let AX and BY 

l, £p e roc [ Sy pxvoted 

to the fiame at A 

and B, and coupled 

by the link XY, which 
is not fai from per- 
pendicular to them 
when they are paiallel 
to one another Let 
Z be a point on the 
link and let AX = a, 
BY— 6, XZ = a, YZ=y Let AX be lotated 
through a small angle 0 , then X rises ad and 
moves to the left laO 2 , both expiessions being 
coirect to the second order m 6 

Neglecting the effect due to the change m 
obliquity of the link XY, Y will al&o rise ad f 
and hence BY turns through an angle aO/b , 
causmg Y to move to the right a distance 
lb{aQlb) 2 —a z 0 2 /2b Honce Z moves to the 
left a distance (ya6 2 l2-xa 2 0 2 j2b)l(x-\-y) which 
is zero if ax— by Z then uses m a path 
which deviates from a straight hue only m 
teims of the third order 

In many cases loci aie plotted by diawmg 
out the mechanism m a succession of positions 
The laboui may often bo reduced by drawing 
part of the mechanism on tiacmg paper which 
is moved into successive positions and the 
point whose locus is requned is pricked thiough 
on to the papoi below Models m cardboaul, 
jointed by eyelets or pms, aie often extem- 
porised, and for some purposes well-made 
metal models, with members adjustable m 
length, are used This is notably the case 
with valve gears 

§ (3) Displacement, Yelooity, and Accel- 
eeation (i ) Graphical Methods — In studying 
the motion of a point it is often found useful 
to plot the displacement, velocity, and accelera- 
tion on a time base This is especially the 
ase when the mechanism derives its motion 
rom a umfoimly rotating shaft A circle 


de&cubed lound the ccntie of the shall is 
divided into a numbti of equal pails, and the 
npBchamsm is diawn out with the dnvmg 
crank in each of these positions This detei- 
mmes a senes of positions oi the point undoi 
consideration at equal mleivals of time, and, 
a honzonlal line being divided into a cone 
spondmg number of equal putts, ordinates 
aie set up to repiesent the distance of the 
point from some fixed point on its path This 
cuive is known as the displacement time 
ouive Its form gives us a consider able 
amount of useful inhumation It shows the 
extreme points of the motion, and when they 
occur, the lange, and the timo between the 
two given positions It may also solve to 
suggest ail approximate formula toi the dis 
placement, and can be submitted to hai momc 
analysis The curve can be obtained iiom a 
model oven better than by di awing 

If moic definite inhumation as to tho velocity 
is required it may be obtained by graphic 
differentiation of the above cuivo, as tlie slope 
of the lattei is evidently a measure of tho 
velocity If this pioeess is to bo employed 
the curve must be drawn with great caio, and 
the exact direction and point of contact of 
the tangent is best detet mined by laying on 
the curve a pieco of celluloid on which aie 
scratched two stiaight lines at light angles, 
and adjusting this till tho eye accopts the lines 
as the tangent and normal at the point unclci 
consideration Tho tangent being mat kid on 
the papei, two points aie taken on it, and the 
difference of then animates, inlet j noted on 
the disjilacomcnt scale, divided by tho difTei- 
ence of tho abscissae, mleipi evtod on tho time 
scale, gives the velocity 

A velocity -time cuive can now ho plotted 
It is difficult to obtain aceuiaey by tins 
method, and a considerable amount of fairing 
of tho points and i odd oi initiation of the 
tangents will probably bo needed before a 
satisfactory cuive is obtained lienee tho 
desirability of more dnect methods given 
below 

A graphic diffet on tuition of tho vilocily- 
tune cuive gives the acceleration, which can 
also bo plotted on a time base The uc cumulti 
turn of tho errors of two such differentiations 
icndeis tlio need of moio direct methods 
imperative The chief use of a knowledge 
of the acceleration is to calculate meiiia 
foices 

In many cases it is useful to plot velocities 
and accelerations on a displacement base 
This is especially so when studying the motion 
of the piston of a stoam engino or of tho 
cutting tool of a slotter or shaper 

(n ) Analylual Methods — Velocities and 
accelerations can sometimes bo tound ana- 
lytically For instance, considor tho clneot 
acting steam engine, shown diagrammalieally 


Jo^====id) 

Y B 


A X 

Pig 3 
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m Fiq 4 Tins consists of a ciank CP 
revolving round a fixed centre C, and a 
connecting-iod PD which couples the end of 



Lhe ciank to the cxossliead to winch the piston 
rod is attached As the piston loeipiocatos m 
a straight line, if we wish to study its motion 
it will suffice to study the motion of D Lot 
the length of the ciank CP he /, that of the 
cormecting-zod PD bo l, and m tho position 
shown let the angle DCP bo 0 and ODP be </j 
T hen D is to tho left of C a distance equal to 
•) cos 0+1 cos </> 

Since ? sin 6 ~l sin < p we may write this 
/' 

i cos 0 + 1 - 1 3 sin 2 0, 

and if r/l be not too large a close approximation 
is 

r cos 0 -f* l ^1 - ] sm a 0 ^ 

cos 0 - ^ sm 2 6 J + 1 

= r ( ooa6+ L oos2 °-.L) +i > 

wheie n = l/r 

It may be noted that tho mid-point of tho 
stroke is a distance l to the left of C, and foi 
most purposes it is convenient to measure 
fzom it, omitting the l m this expression 
This gives the displacement of D Its 
velocity is, by differentiation, with rcspocf to 
the time, 

wr ^sm 0 + ~ sm 20^ 

towards the nght, wheio v-dO/dt, the angular 
velocity of the crank A second differentiation 
gives foi the acceleration, if wo assume cu to 
be constant, the value 

w 2 f ^cos 0+ jj cos 20^ 

It may bo noted that the second harmonic 
becomes more important with oach differentia- 
tion This is a general occurrence 
Where analytical methods are not practic- 
able, the following methods are usod 

(in ) Velocity Images — Consider two points 
A and JB Let the velocity of A bo u, and that 
of B be v Take an origin o, diaw oa to 
represent u m magnitude and direction, and 


ob to lopiesent v Then by tho tuanglo of 
velocities, ah lepiesonts the velocity of B 
relative to A If A and B be two unconnected 
points, no restiiction is placed on ab, but if 
A and B be two points on a ngid body the 
only possiblo motion of 13 lelative to A is 
one of rotation lound A, and hence ab must be 
peipendiculai to AB oa is tho velocity of a 
and ob that of b , and it is easy to seo that the 
velocity of a point 0 on AB is oc wheie c divides 
ab m the same 
ratio that 0 
divides AB 
The line ab is & 
c onvemently 
called the vo 
locity imago ol *o 
AB, and the 
image of a point 
D earned by A13 but not m tho line AB is found 
by constructing a tuanglo abd snmiai to AJ3D, 
od then representing completely tho velocity 
of D 

If now, in any given problem, vo know tho 
velocity of A we can dr aw oa, and then v e can 
draw a lme ab at right angles to AB, on which 
b must ho Tho direction of the lino joining 
o and b is usually given from the knowledge 
of the direction of motion of b , and tho intei - 
section clctoi mines b ob then gives completely 
the velocity of b Tho velocity of b lelative 
to a is given by ab, and the angular velocity 
of the rod is evidently ab / AB As an oxamplo, 
considoi tho chiect acting engine Referring 
to Fig (>, where tho centre lino diagram is 
icpeated iiom Fig 4, with the same notation, 
to determine the velocity of the piston set oft 
op at nght angles to OP, to represent wCP, 
tho velocity of tho ciankpm on a convenient 
scale w is, as above, the angular velocity of 
tho crank Draw pd at light angles to PD to 
loprosent the velocity of T) lelativo to P m 
direction Tho actual 

motion of D is along P 

the lme DC 1 , and hence 

we chaw od m that d q o d 

chiocticm to out pd m Pig q 

d od now lopicsontb 

the velocity ol 1) and pd that of D relative 
to P, bonce the angular volo( lty of tho 
connecting -lod is lopiescnted by pd/Vl) 
(It is easy to see that if DP bo produced to 
moot tho perpendicular through 0 m T, tho 
triangles opd and OPT are similar, and hence 
CP/OT ~o2>/od t and smeo op represents wOP, 
od represents wCT, % e tho velocity of the 
piston is wCT ) 

As a mme complicated caso consider Joy’s 
valve goal Tho centro-lmo diagram is given 
in Fig 7 To tho connoctmg-iod AB of a 
chi oct- acting engine a rod OE rs attached, E 
being constrained to move round Ox by the 
rod OxE To a point D m CE a rod DO rs 

2n 
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attached, a point F on which is constrained to 
move round 0 2 either by a lod 0 2 F or by a 
curved slot m which F must he G is attached 
by the rod GV to V, the end of the valve 
spindle The method of velocity images can 
be applied as follows to find the velocity of 
v Set off oa to represent wOA, and determine 
b as above Divide ab m c m the same ratio 
as C divides AB Draw ce perpendicular to 
CE for the velocity of E relative to C, and as 
its actual velocity is perpendicular to O x E, 
draw oe perpendicular to O x E to meet the 
former line m e Divide ce m d as CE is 
divided in D Draw df peipendicular to DF, 
to meet o/, perpendicular to 0 2 F, m /> and 
produce df to g m the same ratio that DF is 
produced to G Lastly, draw gv perpendicular 
to GV to meet a line through o parallel to 
the direction of motion of V ov then repre- 
sents the velocity of V on the same scale as 
oa does that of A 

(iv ) Acceleration Images — An analogous 
method is used to determine accelerations, 



Fig. 7 


but there is now an important difference 
If A and B be two points on a ngid body the 
relative acceleration is not m general either 
along or perpendicular to AB, but consists of 
two components, one of w 2 AB along AB and 
one of cuAB at right angles to it These 
may be called the radial and tangential com- 
ponents , in general we can calculate the 
radial component when we have drawn the 
velocity image, and have found to, but all we 
know about the tangential component is its 
direction 

As an example consider the direct- acting 
engine To determine the acceleration of D, 
first draw the velocity diagram opd as in 
Fig 6 Then from a fresh ongm set off 
op to represent w 2 CP, the acceleration of P 
m magnitude and direction The acceleration 
of D relative to P consists of a component 
D 2 DP from D towards P and S*2DP at right 
angles to it, where Cl is the angular velocity 
of the connecting-rod D is known from the 
velocity diagram, being given as pd/VD, but 
(l is not yet known Therefore we set off pd x 



parallel to DP and representing 4 F!)l\ on 
the acceleration scale, and then chaw a lino 
through d t poipendiculiu to PD, to Mpicsont 
the tangential component 42 HP in (hunt ion 
Since the actual acceleration of I) i» .dong tho 
line of stiolce, a lino tluough o parallel to (T) 
meeting dd t in d dotonnmos the point ./ Tho 
line od now gives tho accoleiation of 1) in 
magnitude and direction, and dd v being tho 
tangential com- 
ponent, lepiesonts 
4^DP, and licnco 4*2 
is found, if i en- 
quired 

This method 
of acceleration 
images can bo 
applied to any 
system of link- 
work It should 
be noted that tho 
actual imago is 
pd, not pd x oi dd lt 

and that tho acceleration of any nthoi point 
in PD is given by tho hue joining o to the 
corresponding point on pd 

A very neat construction duo to Khun can 
be readily deuved fioui tho above Pint lu< e 
DP to meet tho peipendicular horn (‘ in T, 
on D as diameter dostubo a imlc, and with 
P as centre and PT as ladius cut. it m Z and 
Z x Join ZZ X cutting 1)0 m K, Tho required 
acceleration of I) is w a (JK. It can lit' seen 
readily tlia.1 GPYK is sinulai to opdpf, tri 
the same way that OPT m mmihti to opd, 
and since PY PI) PT 4 , tho proof follows at* 
once 

§ (I) Instant \n wo ith Ohntiujh, A vm 
useful method ol analysing tho motion of a 
mechanism is by tho use of itntnnhrnrtot^ 
rentier A body moving in a piano nmj Ik* 
brought from any ono position t.o any other 
by a rotation round a certain point For let 
A and B be two points m tho body m one 
position and A'B' tho name points m a tori her 
position Hisoot AA' 
and BB' l>y hues at 
right angles moot 
mg in 1 Then 
IA =s TA', IB -IB', 
and tho triangles 
IAB, IA'B' arc 
equal, hence tho 
angles AIB and 
ATB' are equal, and 

hence so aro A1A' and- BIB', or tho rotation 
round I which oames A to A' also eimtes 
B to B' 

If the displacement be made small ho that 
AB and A'B' are consecutive posit urns, A V 
and BB' become tho directions of motion of 
A and B respectively, and I is (Milled tin* 
instantaneous contre, and tho motion of AB 
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is at that instant a lolation lound I The posi- 
tion of I is found by electing perpendiculais to 
the di lections of motion of any two points of 
the body, and this is leadily done in many 
cases owing to the natuie of the constraints, 
eq if a point moves along a stiaight slot, 
I lies on a pcipendicutai to the slot, and if a 
point is gtudcd in a cncle by a link, I lies on 
the oentic lino of the link, pioduced if 
necessaiy Foi instance, m the direct-acting 
engine, the instantaneous centie of the 
connecting rod lies at the point I where the 
conke line of the cianlc pioduced cuts a hue 
tin o ugh the cioashead pm 
pGipeiidieulai to the slide 
bai, for P is moving at 
light angles to the line IPC, 
D Fm 10 C an( l E at right angles to IE 
The velocity of I) may now 
ho found as follows If o> bo the angular 
velocity of the ciank, the velocity of I 3 is 
wPC Hence the angular velocity of the con- 
necting-! od about I is o PC/PI and the 
velocity of D is ojVC ID/PI by similar 
tu angles this can bo pioved equal to co CT 
as shown above 

To apply the method to moio complicated 
mechanisms we need the pi o position that the 
relative instantaneous centies of tluee bodies 
taken m pans ho on a straight lino This is 
easily pioved Let the bodies bo A, B, and 
(\ and let the instantaneous centre of B 
relative to t 1 be 1 be, and so foi the other 
pairs Then T ftr is a point on 0 at lest relative 
to B Since I (l6 is the instantaneous centre 
of B iclativo to A, I l)e considered as a point 
on B is moving at light angles to 

Similarly as a 
point on 0 it 
is moving at 
nght angles to 
I a Jt>c This 

can only hap- 
m Jt pen if the 

two duootions 

coincide, ? e if I H , and l, a aio m the same 
stnught lino 

In applying the above iheotem to a complicated 
muhanirim the notation ih liupioved by omitting the 
1 ’h ami denoting the instantaneous centre of A 
and B by ah The relative ltistautaneouB centie of 
two mcmbiuH coniuctod by a pm in at tlio centre 
ol the pm, mid if the inHlantmiooiiB emtio of one of 
thorn ih aheady known a hue can bo diawn through 
it and the centre of the pm and this lino must oon- 
tam the mstantancouH centre of tlio othor A 
second pm joint on the member under discussion 
gives another lmo, and tlio contro requirod lies at 
tlio intersection of these two linos 

Am an example c onsidei Joy’s valve gear Denote 
tho links by ABCDEPG as shown and the frame 
by 0 Tin n tho instantaneous centies oa, ah , be, cd , 
do, cfi, ef, of, eg can bo labelled at once as they aro 
pin joints db is then found by produomg oa, ah to 




meet the vertical through the crosshead pm as m 
the last example Since oh and be are known, oc 
must be on the line joining them, and it must also 
ho on the line joining do and dc This locates oc 
(Note the cyclic oidtr oh, be, co, xnd od, dc, co ) 
We now proceed to find oe using the lines oc, ce and 
°f> e f Since one end of G is moving round oe and 
. 0 fj the other is moving along 

vx. the line of stroke of the 

\ x. valve, og is found at the 

\ intersection of oe, eg with 

\ N. the vertical through the 

\ other end of G The 

\ \. velocity of the 

\ \. valve is then 

\ found from the 

\ x. angular velocity 

\ Lv of the 

\ N. crank 

\ x. by f ol- 

G \ \ lowing 


the motion 
through the 
mecliamsm from 


PIG 12 centre to centre, 

multiplying the 

angular velocity by the distance of a point from 
one instantaneous centre to get its linear velocity, 
and dividing by tho distance from the next to get the 
angular velocity round it, and so on 
Tina method is m many cases preferable to the 
method of velocity images, as it can he applied 
directly to tho centre line diagram of the mechanism, 
and does not involve tho drawing of a second diagram 
and tho uso of tlic parallel lulei 


There is an analogous method foi determin- 
ing accelerations, by using the piopeities of 
the centre of no acceleration To find the 


latter we draw lines making an angle ft whose 
tangent is w/w a with tho directions of the 
accelerations of two points on the body, to 
meet m J, the acceleration of any point P 
being then w a PJ along the hno PJ and wPJ 
at light angles to it The actual constructions 
to find J depend on the data, and in general 
tho method of acceleration images is more 
useful and simpler 

§ (5) Cams — When a member of a mechan- 
ism is requirod to have a motion that cannot 
conveniently be given by means of a Imkwoik, 
recourse is had to a cam A cam is a i evolving 
member having sliding contact with a sliding 
or rocking member called the follower, the 
former being so shaped as to give the required 
motion to tho latter Cams may be divided 
into two classes usually known as edge cams 
and face cams The former, as the name 
implies, consists of a hat disc, the follower 
bearing against the edge, whilst the latter 
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consists m pnnciple of a disc, one side of which 
is a formed tiack against which the followei 
bears A cylinder with a groove on its cuived 
surface, m which runs a roller earned by the 
follower, is evidently equivalent to a face 
cam Face cams are easily designed, as the de- 
velopment of the cylinder track must evidently 
be the displacement-time curve required for 
the follower 

Edge cams may be divided into two types, 
called point cams and tangent cams, in the 
former the motion is impaited to a point on 
the follower, and m the latter an edge of the 
follower is always tangential to the cam 
In pomt cams the point may be constrained 
to he on a lme through the centie of the cam, 
on a line passing to one side of the centre, 
or m an aic of a cucle about a point on which 
the follower is pivoted In a tangent cam the 
follower may be constrained to move parallel 
to itself or to swing about a centre 

In all cases the simplest way to set out an 
edge cam is to imagine the cam at xest and the 
remainder of the machine revolving round it , 
the required form of the cam is then found as 
the locus of the points on the follower m a 
pomt cam, or as the envelope of the success- 
ive positions of the edge m a tangent cam 
Usually m a point cam a roller is used to 
reduce friction and wear, and in that case the 
cam as actually made is the envelope of a 
senes of circles whose centres he on the cam 
as designed above to give the required motion 
to the centre of the roller, and whose radius is 
that of the roller 

§ (6) Valve Gears — These, and the 
methods used m studying them, form an 
important branch of the subject, but are not 
dealt with m this article 
§ (7) Crank Effort Diagrams — Although 
involving the idea of force, and hence not 
strictly belonging to kinematics, mention 
must he made of the subject of crank effoit 
diagrams In studying the action of a steam 
engine it is useful to jilot on a crank angle base 
the effort exerted by the engine in turning its 
shaft The method may be reversed and 
used to study the turmng moment needed to 
drive a machine 

Dy the pimeiple of virtual work, if u bo the 
velocity of the crankpm and v that of tlio 
piston, P the net thiust on the piston, and T 
the force on the crankpm m the direction of 
its motion, then Pu=Ta, ip T = Pv/it The 
plotting of a crank effort diagram involves, 
therefore, the determination of P and the 
determination ujv 

The latter is done by means of the velocity 
image, by mstantaneous centres, or by any 
other method suitable to the mechanism under 
consideration In the direct-acting engine it has 
been proved that u/v^CT/Q]?, hence we lrnvo 
T CP = P CT, and since T CP is the moment 


of the force at tho ciankpm about the crank, 
all wo ha vo to do is to plot tho pioduot P (T 
which is equal to it P ih detei mined bom 
the mdicatoi diagiauns, being the difference 
between tho pleasures on tho two sides of tho 
piston, multiplied by tho nuu ol tlm piston, 
and collected for moitia It is usual to plot 
not tho total P, but tho value of P pei sq m 
of piston, the same dugia.ru Hum seives fm 
engines of different hi/os, provided they hn\e 
the same steam distribution To tuned foi 
inertia we icquiie to deduct Y\ //Ar/ lbs pei 
sq m from the difference ol piessme shown 
by tho mdicatoi, wlioio W weight ol jeupto- 
catmgpaits, A~aroa of piston, / acceleration 
oi piston The last must bo hnmd fm a miitu 
cient number oi points on the stioke, and 
this may bo dono by Klem’s constitution 
It is more usual, been use simpler, to urn* 
tho foimula /=w a r(<oH 0 +I/m um2(>) pioved 
above, and to select tho points whom 
0 = 0°, 45°, 90°, 135°, 180°, when ihe oxpios- 
sion in tho Jirackot becomes 1 | 1 jn> l) »J'~ 9 
~ 1/a, -1 j sj% -(1 — 1 /n) inspect ivcly, values 
which aio easily calculated, and which give 
a sufficient number of points to enable a 
smooth curve to bo dtawn A diagram of 
not pressure being flint oonstuicb d by measur- 
ing from tho tojj of one indicator dingiam 
to the bottom of tho other, tho inertia 
curve is diawn at loss it, and tho col- 
lected prossuio scaled off and multiplied by 
the corresponding value* of CT, tho product 
is thon plotted on a mink angle bast' 

Tho chief use of such diagimns, showing 
tho variation of effort during a involution, is 
to enablo us to study tho insulting fluctuation 
m speed, and to seivo as a basis fot the design 
of flywheels 

In a similai manner diagrams may bo drawn 
showing tho effort needed to duve, say, a 
shaping machine, pnven tho portion of* tlm 
cutting stioke for which (ho tool is m con- 
tact with tho work, and tho cutting pressure 
Wo can also find tho (luctuatmn of oJhut 
noedod to dnve an air compressor or hydraulic 
pump 

*5 W Toothed Wunwra An important 
branch ot the subject is tlm discussion of 
toothed wheofs, both as icgards the angular 
velocity transmitted by a tnun of wheels and 
as regards tho correct form of curve fur tlm 
tooth 

The determination of tlm ratio of tlm velo- 
cities of tho first and last whorls m a bam 
is usually a simple mattoi If two wheels 
havo n t and n % tooth respectively and make 
and R a revolutions lospoo lively, Hum 
evidently in a simple bam of 

wheels where each one gears into the 
piocedmg one amt drives tho no\t One m 
tho tram ducetly, tho numhers of teeth m 
the mtormodiato wheels evidently cancel out, 
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and the velocity latio transmitted depends 
only on the nnnibei of teeth in the fast and 
hist The mteimediato wlieels are often 
called idle oj tninsposmg wheels It should 
bo noted that d theio is an even number of 
wheels the last one i twelves in the opposite 
(In ee lion to the tost, and if an odd number, m 
the same ducction 

In a compound tiam theie arc one or moie 
shafts, each c anying two wheels, motion is 
impaitod to the shaft through one of the 
wheels and is taken off by the other Foi 
sat h liams wo have the simple rule Velocity 
latio -pioctuci of numbeis of teeth m drivers 
divided by pioduot of numbers of teeth m 
du von wheels Woi m wheels may be included 
in tins mlo if wo lcgaicl a single threaded 
woi m as having one tooth, a double tlueaded 
one two toe th, and so on 

In epieychc tiains, wheels, known as planet 
wheels, goal with a contial wheel called the 
sun wheel, whilst thou conkes are oonstiamed 
to move in a cnele lound it Such trains aie 
easily dealt with by Just considering the 
planet wheels to have then centres fixed, 
assigning a velocity of rotation to one wheel 
of the tiam, and tabulating the velocities of 
the othois, paying attention to sign, and then 
supei imposing on the whole system such a 
rotation as will reduce to lest the wheel that 
actually is at icst The velocity latio of any 
two wlieels can then bo written down by inspect- 
ing the table thus modified Such tiains aie 
laigoly used where a big reduction m speed is 
needed, and also m change speed gears for 
cycles and motois 

As icgtu ds the mnnbei and proportions of 
the tee Ui, lot 0, O' bo the centres of two wheels 
winch are to gear together Divide 00' m 
P, ho OP/0'P is the velocity ratio to be trans- 
mitted P is usually called the pitch point, 
and it is evident that two rough circlos of 
ladn OP and OP' will tiansmit the requned 
velocity ratio. The actual wheels may be 
oonmdoiod as deuved fiom those circlos by 
])roviding them with tooth The distance 
Iiom the point wheie one tooth cuts the 
enelo to the point wheie tho next one cuts it, 
moasined along the pitch cnele, is called the 
oncuilar pitch, and must evidently bo an 
exact sulmiultiple of both cncumferences 
L£ tho oreulai pilch bo expressible m inches 
ami fi actions, the radii cannot be, since the 
radius of a wheel of n tooth is 9?jr;/27r, and con- 
voiHoly if tho xadii aio expiessible m inches 
and Xi actions, p, tho cncular pitch, will be 
incommensurable Tho latter system is the 
most convenient m piaetico, and mstoad of 
woi king in trims of circular pitch it is more 
usual to work m terms o f pj-Wi w hich is evidently 
equal to the diameter divided by tho number 
of teeth It would bo convenient to call this 
tho diametral pitch, by analogy, but as it is 


usually expressed as a fraction with unity as 
numerator, the custom has arisen of naming 
only the denominator and calling that the 
diametral pitch The diameter of the pitch 
cirde is then found by dividing the number 
of teeth by the diametral pitch thus defined, 
and as it is usual to make the height of the 
a a , abo 7 e the P^ch circle (called the 
a f 7u n ^ m l e ? Ual to Pi 71 ’’ tlle over a h diameter 
of the blank before cutting is found by adding 
o the number of teeth and dividing by the 
diametral pitch For example, a wheel of 
2A teeth, and diametral pitch 4, would 
have a pitch circle diameter of 6 m 
(24/4), an over -all diameter of 61 m 
(24 + 2)/4, the teeth would stand J m above 
the pitch circle and would be cut slightly 
more below it, and the circular pitch p w ould 
be tt/ 4 m 


As regards the form of the teeth, the essen- 
tial condition is that the teeth, which move 
over one another with a combined ro llin g 
and sliding action, should transmit a constant 
velocity ratio If this condition is not fulfilled 
there will be vibration and noise accompamed 
by loss of power This condition makes it 
necessary that the common normal to the tw o 



Fig 13 


teeth at their point of contact should pass 
through the pitch point in all positions of the 
wheels This may be proved as follows 
Imagine the left hand wheel at rest and the 
right hand wheel rolling on it P is evidently the 
instantaneous centre, and hence Q considered 
as a point on the right-hand wheel is moving 
at right angles to PQ If the teeth are neither 
to penetrate one another nor to separate, 
this involves tlie common tangent at Q bemg 
perpendicular to PQ (It is evident that the 
velocity of rubbing is (oj 1 + w 2 )PQ, where the 
w’s aie the angular velocities, and this only 
vanishes when the teeth are m contact 
at P ) 

It is evident that if the form of the teeth for 
one wheel is given, that for the other can be 
determined by imagining one wheel to roll 
on the other and to force the material of which 
it is made into the required shape This can 
also be done on the drawing-board, by rolling 
a piece of traemg-paper with a circle to 
represent one pitch circle on the pitch circle 
of the other drawn on the paper below, and 
tracing through the teeth m the successive 
positions The required form for the teeth 
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of the upper wheel is found as the envelope 
of the teeth so tiaced 

In general, however, wheels are manufac- 
tuied to standard forms, m senes, such that 
any one of a series of wheels of given pitch 
will run with any othei For this purpose 
suitable forms must be chosen Two systems 
are usually described m text books, in- 
volute teeth and cycloidal teeth The 
former are almost exclusively used now, 
the disadvantages formerly attributed to 
them bemg much less serious than their 
positive advantages 

Imagine that the two wheels cairy circles 
called base circles whose ladn are slightly less 
than those of the pitch circles, the ratio being 
the same for both wheels Imagine an m- 
extensible string attached to these Glides, and 
crossing between them, then as the wheels 
revolve the string is unwound from one base 
cucle and wound up on the other, keeping 
taut m virtue of the ratio of the radn Detach 
the coid from one base circle and, keeping it 
taut, unwrap it from the other A tracing 
pomt on it will describe a curve known as the 
involute of the base circle Reattach the eoi cl 
to the other base circle and descube an in- 
volute relative to it, using the same tracing 
pomt Now attach the cord to both base 
circles, the two curves must meet at the 
tracing pomt which described them, and must 
touch, smee the cord is normal to both As 
the wheels revolve, and the tracing point passes 
across from one base circle to the othei, the 
mvolutes remain m contact, and hence nio 
possible forms for wheel teeth It is easily 
seen by similar triangles that the cord passes 
through the pitch point, and as it is the 
common normal the condition for uniform 
velocity ratio is fulfilled 

The other form of teeth consists of two parts, 
the part outside the pitch circle (the face) 
bemg an epicycloid formed by rolling a small 
circle on it, and the part inside (the flank) 
bemg a hypocloid formed by lolling a small 
circle within it For two wheels to inn to- 


gether the face of one «um flank ot (Ik oilier 
must be gcnoiated by inllmg nicks <fl 1 lit* 
same diamctei, and so must the flank oi the 
foxmei and face of tho latter As hu an one 
pan of wheels is com ci iu*d these two tolling 
circles may be of diiloiont diameters, but fl 
the wheels aio to foim a boiioh any pint ftom 
which will lun togetliei, all the inllmg (inks 
must have the same (Unmotei A pmnl that 
such teeth fulfil the necessary tunc bin ms is 
given in Dunkerley’s 3 Uthuutsm 
Involute teeth liavo two veiy important 
advantages Firstly, il the coniio distance 
bo vauod slightly they still goal logethn 
coiroctly, as long as they ate milhciouily hu 
m mesh to urn at all, as eiui lx seen bv uui 
sidormg the coid and mvi flutes desot i tied above 
This is not tuie for ey< Initial tenth Secondly, 
the lack which gears with an involute wheel 
lias stiaight-aidecl teeth, and by menus ul I his 
piopeity involute tooth < an bo generated hunt 
a cuttci with a stiaight edge, and not men ly 
copied flora a Joimed euttoi m Loimoi Heine 
the accuracy of cutting is mum to be rebel! 
upon 

hmiirooRvrinr 

Rculpftuv Kwomatus of JM twhuun n , Rerih am, 
The Const) iu to) , Willis, Pnnnph s of Mtthainsm t 
Buimostoi, Lehibach tftr huicnntttL , HturKltus 
Maehmni/ mid Milium k , hermech, Aftthmnn of 
Machine) n , Le (iontis JMt'dntnw s of Mathuniu, 
ftooclovi THUments of Muhmnsm , Inmkeikv, 
Mechanism (( fI |( 

Kinetic Theory of M vmm aimm.m i> to ex- 
plain tiif Gas Lawn Men “Thermal ICx- 
pansion,” ^(15), “Thonnodymumc s,” (<>h) 

Kiroiihoff’s Law of Rwhviton A law 
which states that, lot imlintion of any out 
frequency, the latio ol the eoelheicut of 
emission to the eooflioieut oi absmption is 
the same ioi all substances whatever, and 
depends only on fcho iomporahtno and tin 
hec|uoncy of the lathnlnm considered See 
“ Radiation Theory,'* ^ ( 1 ) 

KORTINuTwO STROKE EnC.TNH NOO u Kllg1U(% 
Intornal Combustion,” (10) 


L 


Lag, Thermometric The interval of time 
which elapses between the plunging of a 
thermometei into a medium at a difloient 
temperature and the attainment of the final 
reading See “ Thermometry,” § (10) 
Langmuir “ Condensation ” Pump See 
“ Air-pumps,” § (45) 

LATENT HEAT 

I Latent Heat of Vaporisation 

§ (1) Experiences of Regnault and 
Dieterici — The determination of the heat 


of vaporisation of a liquid does not preheat 
much diflieulty if only approximate value* 
aro dosired Rut, when an ateuiaey greater 
than 1 per coni is aimed at, great pi et na- 
tions must bo taken to minimise Hu* euun 
duo to the vapour cairy mg over small pm tu les 
of liquid 

Smco the thermal constants of wafer June 
boon studied moio exhaustively than those of 
any other substance the methods employed 
for the determination of the latent bent of 
steam will bo considered as illustrating tin 
proccduie in such oxireriinonis. 



LATENT HEAT 


551 


(i ) lieqnault came to the conclusion that 
the heat method of leduung cams due to 
the condensation of vapom and heat loss 
fiom the pipes, etc , was to woik on a large 
scale 

His method of experiment was to condense 
steam nndci satm at ion pi casino m a calori- 
meter of about 100 lilies capacity and observe 
the tempciatuu* use of the water m the ealori- 
mctci The quantity of condensed water was 
of the oidoi <>t 10 lilies The initial tempera- 
tmo of the steam vaued fiom 107° to 187° 0 , 
and the How into the caloninetoi was con- 
tiolled by a thiotllo valve It might be 
lemaikod that tho expansion of the high- 
[)i cHsiuo steam down to atmospheric pressure 
m passing through tho valve does not alter 
the total heat of tho steam, piovided there is 
no external loss of heat and no change of 
fonotio oncigy If kinetic enoigy is generated 
lit tho valve jfc is icconvoi tod into heat m the 
calm nuclei 

Eogiutulfc’s apparatus is now of historical 
mtoicst only, and a detailed description of it 
will be found m Plosion’s Theoiy of Heat (3rd 
ed ), p. 307 

r Phr* icsulls obtained by Bcgnnult appear to bo 
bully nhable ovot the lange fiom 100° 0 to 200° C , 
but below 100° 0 aio vitiated by several sources of 
mor, and m recent years Bogimull’e values havo 
been anjuusulul by data obtained under more 
favourable conditions of oxpeument 

in RognauU’s lime fliue was no information 
available ootioeiumg the vnimtion of tho specific 
heat of wftU'i with tompeiatuio, not was ho awaxo 
of the tempoiaiy changes of /oro of morcury 
ilieimotmdets 


Taui/iq I 

MumAtriT’s Values 


Numhoi of 
Kxpeihuenis 

Tompeialiuo 

— 

Latent Heat 
(Calono at 15° 
approximately) 

3 

120 \ 

521 7 

\ 

120 8 

517 6 

U 

135 9 

511 9 

13 

145 2 | 

504 9 

10 

155 5 

405 7 

5 i 

0)2 4 

4915 

14 i 

175 2 

482 3 

9 i 

185 (1 

478 X 

4 i 

194 (I j 

471 0 


Auothci Hntmio of on or in Regnanlt’s apparatus 
was tho umuM tamt.y concerning the heat conducted 
into tho ontonmotor along tho pipe convoying the 
steam Bognnulb obtained his conoclion by observ- 
ing tho rate of rise of an exactly similar calorimeter, 
with similar eoimoolious, into which no steam was 
passed Hut tho lemporaturo gradient along tho 
pipe which dolor mi uc b tho boat flow depends upon 
tho rate of flow of the steam, for this neocssanly 


altcis the temperature gradient along the pipe He 
consequently overestimated the correction and ob 
tamed latent heat values which were t-oo low 

JP- ) Dieterici 1 measuied the latent heat at 

0 by means of a Bunsen ice- calorimeter 
The water was contained m the inner tube of 
the ice-calonmeter and the weight of mercury 
extruded observed on evaporation of the 
water 

His observations were very concordant, and 
the differences from the mean were less than 

1 part in 600 

At first lie assumed the value 15 44 
milligrams of mercury per mean calorie 
for the constant of the ice-calonmeter, which 
was the mean of the results of previous ob- 
servers 

This gave the value 596 80 mean calones 
foi the value of L at 0° 

Subsequent expemnents of Dietenei 2 m 
which water enclosed in a quartz bulb heated 
to 100° was dropped into the calonmeter gave 
the value 15 50 3 for the constant of the 
calonmeter 

On this basis the value of L at 0° would be 
594 83 mean calones 

§ (2) Griffiths’ Experiments — The value 
of the latent heat of evaporation of water 
at the temperatures of 30° and 40° C was 
determined by E H Gnffiths, 4 whose apparatus 
is shown m Fig 1 

A known weight of water was put m a glass 
bulb B ivith a narrow jet, and this was placed 
m a small silver flask E to which was attached 
a coil of silver tube T 18 ft long Between 
the flask and the coil of tube was a spiral 
of platinum-silver wire which, heated by an 
electric current, supplied the heat necessary 
to vaporise the water The flask, tube, and 
wire were all enclosed m the calonmeter, 
which was filled with amhne m the earlier 
expenments, but later with a special petroleum 
oil which was non- volatile and a good insulator 
The calonmeter, being surrounded by a 
vacuum and a mercuiy thermostat jacket, was 
kept at a constant tempeiature, never varying 
as much as 0 01° G The end of the silver 
tube passed outside the apparatus and was 
connected with an air-pump On working the 
pump the watei was made to issue drop by 
diop from the bulb under its own vapour 
pressure so that the rate of evaporation could 
be kept quite regular Thus the vapour 
formed m the flask had to pass up the whole 
length of the silver spiral tube and issued at 
the temperature of the calonmeter and free 
from watei mechanically earned over Special 


1 Wied Ann , 1889, xxxvn 506 

2 Ann Phys , 1905, xvi 593 

8 This was confirmed by the writer using an electri- 
cal method (see (1) of “ Calorimetry, Methods based 
on the Change of State ”) 

« Phil Trans A, 189d, p 261 
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/tention was given to the efficient stirring 
the oil in the calomnetei 
The equation for determining the latent 
>at of cvaponsation may he put m the 
Rowing form 

ML = Q e t e 4- Q 8 h + 2 o', 

hemg the mass of watei evaporated, Q 0 
e heat pei second supplied by the electric 
rient, Q s the heat generated by the stirrei, 
and t 8 the times during which heat was 
supplied by these two 
sources respectively 
(t a and t & being practi 



Fig 1 

j equal), and 2#, the total heat received 
ig to other causes such as radiation and 
luction 

Ithough Q e was necessanly measured m 
/ric units, it was reduced to thermal units 
employing the value of J determined by 
ns of the same method of electric meas- 
lent and the same electrical standards 
3 any enois due to uncertainty m the 
es of the electric units were eliminated 
greatest uncertainty was m the estimation 
a , but this constituted only about 1 per 
of the rate of heat supply The follow 
ire the values of L obtained 

Table II 


iperatin e by 

Latent Kent 

Latent Heat 

Nitrogen 

armometei 

(lT’C Unit) 

(20° C Unit) 

0 15° 0 

572 60 

573 51 

0 00° C 

678 70 

579 25 


The advantages of this method ovei most 
of the others that have been made use of is 
that it is practically independent of enois m 
theimomotry and is not affected by changes 
m the specihe heat of water 

The temperature being stationary, the heat 
capacity of the calorimeter ox of its contents 
does not enter into consideration, and the 
xadiation correction is small and detei inmate 
Griffiths noticed that Ins two results at 30° and 
40° C lay very nearly on a straight lino joining 
Dictenci’s value 1 at 0° 0 (unooi looted value oi 
1889) and Rcgnault’s value at 100° (J , which fact 
seemed to indicates that Dietenci’s o.ilont and 
Regnault’s calorie were both equal to the 
cal one at 15° 0 

test this assumption Griffiths per 
sundc d Joly to make 
a dotemimatum of 
tho relation between 
the latent heat of 
condensation at 
100° C, and tho 
mean specific heat 
of water from 12° 
to 100° 0 by means 
of the Joly steam- 
oalonmeter 
This ho did, and 
assuming the calorie 
at 15° equal to tho 
mean cnlone be 
tween 12° and 1<){>°, 
obtained tho value 
539 3 foi the latent 
beat instead of 5 16 7 
as given by Be- 
gnaulfc llaice eitliei 
the mean thennal 
until between 12° 
and 100° G was 
much smaller than 
tho calorie at 15° 
or Regnault’s value was m enor 
The result of Callendar and Barnes’ experiments 2 
on the variation of the specific heat of water, seven 
years later, proved that the caloric at 15° was very 
nearly equal 3 to the mean calorie Regno nil* s value 
for the latent heat is now known to bo too low 
Dietenci’s later experiments on the constant of tho 
ice calorimeter proved that Ins value foi the latent 
heat at 0° was too high So tho relation between 
latent heat and temperature ovei the range 0° to 
100° is not a linear one Griffiths’ values at 30 n 
and 40° C are in close agi cement with the theoretical 
curve 

§ (3) Henning’s Experiments —Henning 
adopted the same method as Griffiths m 
measuring the latent heat of steam He used 
the apparatus shown m Fig 2 The cylin- 
drical evaporation vessel 0 was made of 
copper, of about 1 litre capacity The seams 
of the vessel were soldered up and a screw 

1 596 80 mean calories 
a Phil Trans A, 1902, exeix 55-148 
3 The calorie at 15° is very nearly one part m 
2000 less than the mean calorie 
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htoppoi 0 uhoiI for closing tho vessel The 
cylinder c untamed a heating coil 1) and a 
platinum resistance theimomoter 15, which woro 
both led thiough the coyei and woie electnc 
ally insulated and steam-proof The jacket A 
suri minding the evapoi ation vessel contained 
about 13 Idles of ook/a oil and was kept by 
eleetueal heating at about the boilmg-pomt 
of watei This vaporn - jacket, originally 
devised by Ramsay and Miss Marshall, not 
only kept constant the boat loss of the 
mnoi’ vessel, but also pioteotod the steam 



from oomUintunK on the way to the con- 

denser , , , 

The steam developed m 0 was led through 
an ellxm-jumt d into a 5 mm copper tube II, 
which was hard soldered into the bottom of 
the vessel C\ the umhrella-like roof M divoited 
the chops of watei fiom the end of the steam 
pipe. The tluee way tap F opened to either 
condenser, according as the handle R of the 
tap was tinned to the light or left* By this 
means the nregulaulios which occurred at the 
beginning and end of the boiling period 
were ehmmatecl Those irregularities ap- 
peared m the temperature measurement and 
wore due to the fact that at tho com- 
mencement of boding the temperature m tho 
water was not completely equalised by tho 
rising steam bubbles, and also because the 
escaping steam raised somewhat the press- 
ure, and at the same time tho boiling-point 
of the water, At tho end of tho experiment 


the levcise effect took jdace f 0I the same 
reason 

Initially steam was led one way until the 
heating cunent was steady and the steam was 
evolved legularly, then the tap F was turned 
and the steam led through the second path 
for a ceitam time, and condensed m a wide 
cooling apparatus, while the electrical energy 
dissipated nr the heating cuirent was observed 
at the same time At the end of the run the 
tap was again turned into the fust position 
and the heating cunent mteirupted 
Hennmg measured the latent heat of steam 
at si\ different temperatures between 30° 
and 100° C He kept the temperature con- 
stant duung the measurement by altering the 
pressure at which tho water boiled The copper 
condenser P, which was connected by means 
of rubber tubmg to the prpes K, was cooled to 
a temperature dependent upon the steam 
pressure of the boiling water For this 
purpose watei at room temperature, ice, or a 
mixture of alcohol and C0 2 were employed 
Drying- tubes filled with calcium chloride and 
phosphorus pentoxide could be dispensed with 
when working at atmospheric pressure By 
altering the pressure the boilmg-pomt could 
bo lived at any desned point and the tempera- 
ture kept at the required value by the use of 
a small pump 

Of tho 680 gm of water with which the 
vessel was filled 200 gm weie evaporated 
The late of evapoi ation could be raised to 
50 gm in 15 minutes It was found that at 
low temperatures the aecuiacy of the measure- 
ments was not so great, on account of the large 
specific volume of the vapoui , the steam had 
to bo evaporated slowly to ensure that no 
water was withdrawn 

In ordor to determine the heat loss or 
gam from tho surroundings, Henning made 
experiments with different rates of energy 
supply 

The weight of the condensed steam was 
determined by weighing the condenser the 
small amount of water remaining in the steam 
I>1])0 K (about 10 mgm ) being absorbed by a 
small piece of weighted filter-paper Finally, 
account had to be taken of the fact that at the 
ond of an experiment more steam was in the 
vessol than at the beginning, because m the 
mtorval tho volume of water had decreased 
Tins small collection amounted at 100 to 
4. 0 06 per cent and at 30° to 4-0 003 per 

cent A , , 

Ho obtained values at six points between 

30° and 100° 0 . _ 

The final result is given hy the formula 

L=538 864-0 5994(100 - 1) 
tire latent heat of water between 30° and 


for 

100 ( 


Those results are expressed in terms of the 
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calorie at 13°, which he takes as equivalent 
to 4 188 joules 

§ (4) Smith’s Experiments — A W Smith 
employ ed a current of air for the evaporation 
of the water 

The calorimeter is shown m Fig 3, and con- 
sists of a large test tube E, closed at the top 
by a cork Two glass tubes for the an current 
passed through this cork, one extending to 
the bottom of the test tube, the other just 
projecting through the cork A third tube 
closed at the bottom, and not shown in the 
figure, contained the heating coil This was a 
single heater from a Nerast lamp provided 
with current and potential leads The coil 
was immersed m paraffin oil so as to transmit 
the heat to the sui rounding watei 

This test-tube cal- 
orimeter stood within 
a double - walled 
vacuum vessel D, the 
whole being well sur- 
rounded with light 
cotton-wool and held 
in a cardboard box, 
which m turn was sup- 
ported m the middle 
of the constant tem- 
perature bath E The 
remaining space 
around the sides, the 
top, and the bottom 
of the chamber was 
also lightly filled with cotton- wool to prevent 
convection currents 

The calorimeter was packed and set m 
position at least one day before an experiment 
could be performed, so as to obtain constant 
temperature conditions The water evapoi ated 
was collected m a weighed pair of tubes 
containing sulphuric acid These weie changed 
every two hours and the increase of weight 
observed 

Table III 

A W Smith’s Values 


dumber of 
Experiments 

Temperature 

Latent Heat 

4 

13 95 

588 6 

12 

21 17 

584 7 

4 

28 06 

580 9 

2 

39 80 

573 9 


{Results expressed in mean calones on 
assumption that E M E of Clark cell is I 434 
international volts at 15° C and J=4 1836 
joules) 

Later Smith 1 made some observations at 
100° C employing a very slow rate of evapora- 
tion, and found the latent heat to be appreci- 
ably higher than when the boiling was rapid 
1 Pkys Rev , 1911, xxxrn 181 



Those he explained on the assumption Hi it <h« 
steam call led over minute qu tniihes ol watei 
The value foi the latent 1 ir.it tuidei those 
conditions was 51-0 70 moan calones it n 
tempeiatuie of 100° 0 
§ (5) Comparison op 1)\t\ m>u Nil \M 
Callendai 2 has analysed Lho dais obtained 
by various obsotvoia foi tho latent heat of 
steam and conveniently ixpiessed them m 
terms of the total heat of t*ftunn II Tins jh 
defined as the quantity of boat iripmed {lj 
to iaise unit mass ol watei fn>m O' (' to tin 
tcmpeiaturo t of tho boiloi, and (2) to evaporate 
it at that tompoi itmo, tho whole operation 
being peilormcd undoi a constant piesstire p 
equal to the satui ation pussuio at the tempo) a 
ture of tho boiloi The heat loquiied foi this 
second opeiatiou is of touiso the latent heat 
of evaporation at satuuvtnm ptessuto and 
tempeiatuie 

Regnault had previously* ovpiossed hn 
results between 0° and 2()0 n (' by the mm pin 
linear foimula 

Total heat II -=(>06 5 I 0 305/, 

and this was accepted lot the next titty y< ui < 
without question 

It is now known that tho ) elat Kinship 
between total heat and tompoi aline is not 
a linear one, and tho iohuUs of Inter invest igu 
tors have been collected togotluu by < 'nlleiulai, 
who has compaiod thorn with two hurmdae ' 
The curves computed from tho fmmulun me 
shown by solid and dotted Imo-i in Fit/ 1 
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Since the object is to hung out the 
differences fiom Itognault’s foimula tins im 
represented by tho honzoutal Hlimght hue 
marked * Regnault ” Observations giving 
a lower result than RognauIEs foimula he 
below the line, those giving higher results 
above, and the drfloronacs aro plotted in menu 
calones 


Regnault’ s observations are shown by plant 

t9Lo Tho plam Olrol ° « lva, K <■•«> Viilrnt 

636 7 at 100 repiewnted the moan of thutv- 
“S™ ex periments, and the ootTOHiximlmn vuliio 
of the latent heat is 536 2 ealouoH, if Itogmmlt’H 
* Properties of steam Arnold), J 9i*0. 
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fonnula is adopted foi the total heat of the 
liquid It might ho lemaiked that Regnault 
was well awaio that this result was piobably 
too low on account of the piosonce of watei 
m the steam, and lus fonnula actually gives a 
value 0 3 oalono higher 

The experimental points plotted between 
65° and 85° C i opiesonted the l (‘suits of twenty- 
two oxponments m foui groups, borne of which 
newly loach the line, while others lie 5 oi 
(> calonos below The mean of all shows j 
a defect ftom the fonnula oi 2 5 calories, or 
0 4 pel cent, of the total heat at 75° 0 

Combining the moan ol those with the 
observations at 100° 0 we should obtain a 
into of meiouHo of 0 10 m place ol 0 30 foi the 
total heat between 75° and 100° 0 , as lemaiked 
by (Jiillilhs 

In oxpeninents above 100° (J onois due to 
leakage vitiate Regnault’s obsoivations Koi 
lie states licit the otleols of leakage beeamo 
voiy tioublesomo when the piessmo was 10 
atmospheres, and the joints liad to boionowed 
daily This is the probable explanation of 
the low point between 150° and 175“, and 
Regnault altac bed no weight to theso points in 
&olaclmg his fonnula 

Regnault's values between -“2° and 10° t’ 
are given m tlueo groups m the neighbourhood 
of 8° t' llis method ol oxpoument was 
chllorcut, and discrepancies of the oulei of 
10 caloiic'.s weio found between successive 
expeuments 

Dioituiei’s two values at 0° (‘ child on 
account of the change m the value of tho 
J?u risen calorimeter constant Tho old value 
shown thus (0) was on the assumption of the 
ace-calm miolot constant being 15 4L imlhgiams 
of mercuiy pm* meau calorie lbs direct 
deter ruination of ibis constant made it 15 50, 
and the collected value ol tho latent heat Jails 
voiy neaily on the theoretical curve at ()°0 
(iiiflithM* values ( 0) ai<v m veiy satisfactory 
agieomont with I ho tlieoretu.il curve 

Henning's values (0) aie mgood agioement 
with the theoretical curve below 100", although 
the two points at 30“ and 49“ are appreciably 
higher while that at 100° is slightly lower. 

Henning’s live points between 100° 0. and 
180° 0. are connected by the wavy lino marked 
c< 1 1 cutting's Table” 

Tins curve was deduced by a graphic 
process of smoothing, and according to 
(Jallonclar clot's not represent the actual 
observations satisfactorily It is obviously 
inadmissible for theoretical purposes, as it 
involves a discontinuity in tho curve at 
100“ (J Tluce of the hvo observations aro 
iu very fair agreement with OvUondai’s 
theoretical cuivo, but tho other two are 
lower by about 0 5 per cent, which is less than 
tho probable chop of experiment 

A. W. Smith’s values (0) aro systematically 


higlioi than both Gufhths’ and Henning's 
ihs point at 100° C was obtained by slow 
evaporation, and is neaily 1 calone lugliei 
than Joly’s value 

Ho expressed Ins icsult m joules pei gram, 
assuming the E M F of the Weston cell to 
bo 1 01888 at 20° tl Callendai has reduced 
Smith’s values to the moan oalono by taking 
the EMI 1 of the Weston cell to be 1 0183 
volts and the mean oalono to bo 4 187 
joules 

§ (b) Formulae i on Vuuvtion op Latent 
Heat op Hr bam with Ti< mi* lkature — Many 
cm pmcal fonnulao have been pioposcd for 
tho iopiosentation of tho van.ition of latent 
heat of steam with tompciatuic, and of these 
tho most satisfactoiy appeals to be that o£ 
Tluoson 

This expression is based on tho accopted 
view that tho latent heat must vanish at the 
ciitioal tompeiatuio (t n ) So that L-L^ ~ t) 3 * 
where L x is a constant icpiesontmg tho value 
of L when t c - 1 = 1 

Tho index vanes slightly foi diflotent 
substances 

llennmg found that lie could icpiesont lus 
lcsults foi watei below 100° 0 by a fonnula 
of this typo, hut assumed a critical tompeiatuio 
0° 0 too low 

Jakob and Davis, m icduemg specific heat 
i cHults abovo 100° 0, employed the same 
foi m 

Callondar has lccomputod these foimulae, 
using tho oxpoi imontally dctoi mined valuo of 
tho ciitioal point, viz 374° 0 , and keeping 
tho same index and tho valuo of L at 100° 0 
given by the ongmal fonnulao Taking the 
logarithmic fonn for eonvemonce, llonnmg 
fonnula reduces to 

Log h A 9b955-} 0 31218 log (371 ~t) 

Davis and Jakob fonnula becomes 

Log L~ 1 95303 I 0 3150 log (374 -t), 
assuming L -539 3 at 100° (J 

OaUendar, basmg tho constants ol tho 
fonnulao on tho observations of Iboloiioi and 
July for tho latent boat at 0° and 100° C 
respectively, obtains tlio following icsult 

Log L =1*97145 1-0 31192 log (374 -/) 

Ho, however, prefers for use m computa- 
tions (bulling with dry saturated steam tho 
theoretical foimuU for the total heat 11 

Ur.0*4772T-8Qp M04, 

wheio 8 is tho speoifio hoat at saturation 
pressure fit T the absolute tomjioratuio, and 
0 tho Joule Thomson cooling effect, te tho 
ratio of tho fall of tomperatme to tho fall of 
pleasure m a throttling process at constant 
total heat. 
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A comparison of the data obtained by 
computation from the formulae is given in 
Table IV 

Table IV 
Values op L 


la Fig 4 the full line represents the form of tho 
theoretical formula, while the dotted line is tho 
Thiesen type The latter agiees with the theoretical 
form within 1 m 1000, intersecting at 160° and again 
at 260° C 

Davis and Jakob formula agiees with Callendar’s 
withm less than 1 m 1000 from 100° to 200°, and 
within 1 m 5000 from 200° to 230°, and the diffeience 
is still very small at 250° C 
Callendar’s foimula for the total heat, which 
applies to dry steam in any state, superheated or 
supersaturated, lias been extrapolated by him to 
259° C , although the direct experimental evidence 
does not extend beyond 180° C 
It is reasonable, however, to suppose that tho 
extrapolated values are sufficiently accurate for 
practical purposes at higher temperatures, because 
the calculated values of the saturation pressure (which 
depend on smaE differences and afford a very severe 
test of the theory) also agree with observations to 
within less than 1° C at 250° 0 

§ (7) Heat op Vaporisation op Ammonia 
— Owing to the extensive use of ammonia m 
refrigerating plants, a knowledge of its thermal 
constants is of considerable practical import- 
ance The latent heat has frequently been 
calculated by thermodynamic formulae from 
other properties more easily measured, but a 
number of direct determinations have also 
been made, and the following summary has 
been given by Osborne and Van Dusen 1 
Begnault 2 published a record of twelve 
experiments saved from the rums of lug 
laboratory, destroyed during the siege of 
Pans m 1870 The apparatus consisted of 
two calonmeters — the first, or evaporation 
calorimeter, m which the ammonia was allowed 
to evaporate from a steel container and flow 
through a chamber containing baffle-plates, 
and the second, or expansion calorimeter, in 
which the ammonia vapour from the first 

1 Sci Paper Bur Stds No 315, 1917 

- Ann Chim Phys , 1871, xxiv 375 


Temp 

Calle 

Theoretical 

Formula 

ndar 

Thiesen 

Type 

Kenning 

Davis 

and 

Jakob 

0° 

594 3 

594 3 

593 7 

594 8 

20 

583 8 

584 2 

583 6 

584 6 

40 

573 2 

573 7 

' 573 1 

1 574 0 

60 

562 3 

562 7 

562 2 

562 9 

80 

551 1 

551 3 

550 7 

5514 

100 

539 3 

539 3 

538 7 

539 3 

120 

526 9 

526 7 

526 1 

526 6 « 

140 

513 6 

513 4 

512 8 

513 2 i 

160 

499 3 

499 3 

498 7 

498 9 1 

180 

483 9 

484 2 

483 6 

483 7 i 

200 

i 

467 4 

468 1 

467 4 

467 4 1 


calormietei was allowed to expand lo at mo 
sphcnc pleasure Tho capacity hit liquid 
ammonia m tho lust calm mud pi was 210 < <* , 
but it was filled with various amounts, i urging 
fiom 17 to 134 ginma m different experiments 
In each experiment the ammonia was com- 
pletely evapmatod and all vapour, expanded 
to atmosphonc pleasure Tho observed fall 
m tempoiatmo of tho water m the first enlon 
meter vaned fiom 17° to U u , and m the 
second it was usually has than 1° Kiom tho 
data obtained m tho fust laloumotor 1‘egnuult 
calculated a quantity X, wliub is tlm brat 
lequired to change 1 grn of saturated liquid 


lie Hinted, however. 


/V, TV M II. n UU' flit 

lequired to change 1 gm of Hat united liquid 
ammonia at tho moan temperature and 
pressure to vapour, at tho mean tern pci nimo 
and at atmospheric pressure 

Kegnault’s insults have boon variously 
interpreted by diffoiont writers Holst com- 
puted the latent heat ol vupousatnm from the 
obseivation in tho first c aloumotor and ignored 
the partial expansion below saturation prohsiuo 
which occuiied theie As a moan insult ho 
obtained 296 calories pm gram at 12" t 1 
Jacobus 3 computed the latent heat of vapor- 
isation fiom tho observations m both colon 
meters and obtained as a mean value 290 
calories per giam at I2 n (' Undull and 
Bornstcm* givo values fiom Regnault’s data, 
the mean value at 12° (I being 29) 5 calories 
per giam 

Von 8tromborfc s used tho same typo of 
apparatus as Bognault and obtained from 
twelve exponmonts a moan value of 296*5 
calories per gram at 18° (J 

Kstreiclm and Mam, 0 according to Undolt 
and Bornstom, determined the heat of vapor a- 
tion at tho normal boiling-point and obtamed 
a value of 321 calorics per gram at 33 4 U (J, 

Franklin and Kraus'* detormmod the heat 
of vaporisation at the tioxranl bmlmg-point 
The apparatus consisted of a Dewar (lask 
containing a liquid bath and a glass evaporating 
cel , each supplied with a platinum heating 
ooil The onorgy required to evaporate n 
certain volumo of liquid ammonia was 
measured and the mass computed from the 
volume evaporated, using the value 0 07*1 for 
the density The moan insult fiom thieo 


? J SMti, 1800, xi! 307 
Phys Ohm Tctbettcn, eel 19 j a 

. izi SV! 1 ™/”}}* 189l > wxi m 
Chem TaUes] im Cnmvw ' 11U0 > »• »« - 
7 jow Phys Qhm, 1907, xl 553 
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expenmonts was 311 caloucs pen gnun 
Recomputed, using moio lecent data foi the 
density (0 58 1), tho mean value becomes 337 
calories pei giam This result is the same as 


Tho apparatus 1 consisted of a metal shell 
with a le entrant tube containing a lieating 
coil and resistance thonnometei , while the 
annular space contained the liquid ammonia 


Tahll V 

HeVT OF V VPOllISATION OF AmMONTI IN CALORICS^ PER GRAM COMPUlliil) RY VARIOUS WINTERS AND GIVEN 

in piuia Ammonia Taw is 


Tempnratm c 

Ledoux, 

Peabody, 

Wood, 

Zeuner, 

Molln r, 

Dietcnci, 

Wobsa, 



1878 

1880 

1880 

1800 

1805 

loot 

1008 

o V 

°0 







~ 40 

- 40 

315 2 

112 

,122 0 

333 0 

,112 7 



— 22 

- 30 

330 5 

124 

110 0 

320 0 

330 () 


324 3 

- 4 

- 20 

125 1 

310 

300 0 

325 8 

327 2 


117 0 

4 14 

- 10 

110 7 

308 

303 8 

120 8 

122 3 


309 0 

1 32 

0 

313 () 

300 

207 () 

314 0 

310 l 

300 7 

300 4 

4 50 

1 10 

307 2 

202 

201 3 

308 0 

308 0 

298 4 

200 9 

4 08 

1 20 

300 ,1 

284 

2818 

100 1 

290 0 

285 4 

280 0 

1- 8(> 

1 30 

20 1 0 

270 

278 1 

201 1 

280 7 

272 2 

209 4 

! 101 

4 10 

285 1 


271 0 

281 0 

278 0 

258 3 

257 4 

I 122 

1 50 



205 ,1 



213 0 

211 0 

1 110 

1 00 



258 0 



227 0 


4 200 

1 03 3 






105 2 


4 250 

j 121 l 








I 270 

| 1,32 2 








Tomporatiue 

imii, 

Maemtue, 

Luc he, 

Moshci. 

rtoist, 

Keyes, 

Osboine 

and 



1011 

1011 

1012 

1013 

1015 

1010 

Van Dusen, 

0 ,,, 

u ( < 







1017 

- 4-0 

- 40 


l 

335 3 

1314 

,328 5 

342 0 

331 7 

— 22 

- 30 

325 2 

327 0 

128 1 

327 1 

122 5 

333 0 

3218 

- 4 

- 20 

318 2 

320 8 

320 0 

110 0 

•no o 

321 9 

317 0 

| 11 

- 10 

110 7 

313 0 

313 1 

,311 8 

300 0 

315 7 

300 0 

1 32 

0 

302 0 

301 4 

301 () 

3010 

301 4 

300 0 

1018 

I 50 

1 10 

201 7 

205 0 

201 8 

205 0 

293 2 

290 0 

293 1 

1 08 

| 20 

2812 

281 7 

284 0 

285 0 

2814 

285 5 

283 8 

1 Kb 

l to 

271 0 

27,1 5 

27,1 5 

270 4 

274 8 

274 1 

273 9 

| 101 

| *10 

203 0 

, 

201 4 

200 2 

201 2 

202 7 

203 1 

1 122 

| 50 



218 3 

255 4 


250 2 

2514 

i no 

| 00 



2,3*1 7 

2*117 


230 8 


1 200 

I 0,3,3 



170 7 

105 3 


181 9 


| 250 

| 121 1 

, 



127 0 

, 



1 270 

1 132 2 




01 2 





bedoux, Annulet* des Mines , Mthnnlres, 7th series, 1878, \iv 205 (TiausUtlon hv Denton, Jacobus, and 
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Brunei, Teefnnsrhe Thmmdummi! , 1901, 11 18 (appendix) 

1 Helen lei, SSed ties Mitt Ind » 1001, xl 21 Wobsa, Znt ties. Kdlte lull, 1008, \v 11 

Penbmlv, Meant and Rntropy Tahhs (10(H)), j> 72 Mtubilbe, let and liefngnalum , 1911, xil 41 
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Marks, A h R R Trans , 1012, vlll 208 
Goodoimugh and Mosher, Vmv of 111 Bull, 1013, Ixvi 

Holst, Bull Ansae Int du haul, 1016,11 

Keyes and Ihownlee, The) mmlitmume Doper ties of Ammonia <1010), 1010 


that deduced by hhanklm and Kuiuh from the 
absolute boiling -point and tho molecuhu 
elevation by van*t Hull’s Cmmula 
Osbomcwuul Van Dusen ledotoi mined the 
latent boat of ammonia by an electrical 
method 


Tho Jesuits may be oppressed by the formula 
L 1 37 01 sj ] 33 - 0- 2 4 00(133 - 0) 
over the tempoiaturo iango 

-42° to -l 52° 0, 

1 Bee Via 3, "Calorimotiy, Electrical Methods,” §(7) 
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in which the latent heat is expressed m pules 
per gram requued to convert saturated 
hqwd into saturated vapour at constant 

temperature^nt ^ ^ re(lrared m calones 
(20° C ) per gram, and 1 calorie is assumed 
equal to 4183 joules, then the expression 
becomes 

L - 32 968 n/133 - 0 - 0 5899(133 - 6) 

r (g\ Heats of Vaporisation of 
Carbon Dioxide, Sulphur Dioxide, and 
Nitrous Oxide — Mathias 1 determined 
the latent heats of the above compounds 
bv a method in which the tempeiature 
of the calorimeter was kept constant, 
and measured the heat absoibed by 
carefully adding concentrated sulphuric 

His results for carbon dioxide are of great 
interest, for they extend from 6 65° to 31 16°, 
or almost to the critical temperatuie The 
carbon cboxide contained 0 75 per cent of 
air, which would cause the critical tem- 
perature to be rather lower than the true 
value, 31 35° The formula deduced by 
Mathias from his results, 

L = 118 485(31 - 1) 

-0 4707(31 -t)\ 

gives L=0 at 31° 

So the experi- 
ments may be 
taken to prove the 
heat of vaporisa- 
tion does really 
become zero at 
the critical point 

II General Methods i-or 
Latent Heat Determina- 
tions 

§ (9) Opganio Liquids — 

The value of the latent heat is 
a physical constant frequently 
required m the case of organic 
liquids, and Regnault’s method 
is scarcely applicable when the quantity of 
the material is hunted and the experi- 
ment haa to be conducted with reasonable 
facility 

(i ) BertJielot's Method — To meet these re- 
quirements Berthelot devised the apparatus 
showm m Fig 5 2 

The flask containing the liquid under ex- 
amination is heated by a circular gas burner 
Z, burning under a metallic disc m The 
centre of the flask is traversed by a wide 



1 Jour de Phys , Nov 1905 

2 Preston, Theory of Beat, 3rd ed , 
365 


Tig 99, p 


tube TT, thiough winch v.ipimi <lcm cuds 
into tlie caloiimctcT, whoio it condenses m 
the spiral SS and collects m the loscivoit 
R The calonmetoi is placed inside a wutoi- 
jacket, and is pi elected finni the i adi.il inn 
of the burner by a slab of weed < owned 
by a sheet of who gau/o By means ol 
this arrangement paitial condensation is 
avoided, befoie the vapour onteis the calon- 
metei, and the eiroi aiming fiom conduction 
is loughly collected foi by observations ol 
the tempeiatuio of tho calonmetoi befoie 
the distillation comnicmcoH and nfici it is 
completed The weight of the liquid 
condensed is usually about 20 to 30 gm 
at most, and tho time occupied is only 
fiom two to foui minutes 

I3y this moans M Bcitlielot found toi 
tho latent beat of waits tho 
value 530, while tho accepted 
value is 510 The 1 1 oho agi ce- 
ment with Regmuilt's value 
(537) is piobably loi (minus, 
since Bei tbelot’s appmitus 
is not leliahle to bolter than 
about 3 pel cent. 

This form ol apparatus has 
the gi eat defect that it is 
almost impossible to awud 
tho hu pm heating ol 
the vapoui owing 
to the proximity of 
tho centi a l tube to 
the Jlame Tin 
(lame, nioienww, 
onuses dislut buncos 
of the ealomnetei 
and thermomelei 
by its i ad in I ion 
unless carefully 
shielded 

(n ) II it) tog and 
Iht)Iv)" x made a 
eai oiul study ol 
tho Botlhelnt ap» 
paratuH, and by 
^ modifying the ai 
rangoment note 
able to reduce the 
tivo sources of onor duo to (l) vapour 
passing over befoie the liquid actually 
reached the boiling-point, (2) the clmtuib 
ance at the end of the oxponment, caused 
by the removal of the boilei fiom the 
vicinity of the oalonmoter, foi it ih aHsumed 
m Beitlielot’s form that tho correct ion foi 
the heat given dunng tho condensation period 
can be obtained by observation of the rale 
of coolmg after tho boilei and flame me 
removed 

2 Memoirs and Proceedings Manchester Ldtraru 
and Philosogihical Society, 1895-96, \ , ibid , 1893 91. 
vm 
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Then modi fie ition is shown m Fig b TJio 
boiloi consists of a flask A, through which 
the tube BO passes ccntially The uppoi 
end of 150 is ground conically to fit into a 
hollow cap l), which is itself attached by a 
glass lod to the movable bell Id This bell 
fits loosely into a inn, which is 
filled with meiciny so as to JConn 
a lute The boll and cup may 
bo thus raised oi lowered at will, 
so as to open oi closo the valve 
at 0, tin ough which the steam 
passes downwards through GB 
into the condensing worm W 
At If a side tube is connected 
with a condense! , if dcsnablo, 
by means oi an mdia rubboi 
tube fitted with a clip The 
tube at V is kept open during 
the pielrnnnaiy penod, it is 
shut just alter 0 is opened, and 
opened again just he foie 0 is 
closed, so that at no pouod does the mtomal 
jnessuio exceed that of the atmosphere The 
end B oi the lube BO is ground into the 
upper end of the condensing worm, of which 
the tonsil notion differs slightly ftom that of 
Borthelol The steam m the apparatus entois 

the condensing worm by the stiaight portion, 

and not by the sjmal They found this altera- 
tion necessary as, other wise, aftei tho closing 
of tho valves 
the an entering 
the worm tends 
todnvolhe eon- 
den sod water 
hack into BO 
The lower 
half of A was sut- 
xoimded by a piece of 
eoppei gtvu/o hound 
on with asbestos 
string The project- 
ing port mu of tin* 
tube BO was hiu- 
lounded by asbestos 
and by a leaden 
steam end wrapped 
closely around it 

Tho bodes was honied by a small ring 
Imrnei, of which the tlame was kept at a 
constant height from the moment of lighting 
till it was extinguished Tho gas was passed 
first through a MoiteHsicr glycerine regulator 
(which maintained tho pressmo constant to 
within Iralf a millimetre of water), and then 
through a tap fitted with a long handle 
moving m front of a graduated enelo 
These precautions me necessary for accurate 
measurements, as va nations m the height of 
the flame naturally cause tho radiation to the 
calorimeter to vary They were able to 
regulate tho amount of tins uuhation at will ; 



but, of course, too small a fkuno made the 
determination too slow, while too large a 
llamo rendered tho initial and final collections 
too lngh The calorimeter and its jacket, 
and tho theimometei, weio protected from 
cxcossivo radiation by means of screens of 
asbestos board 

(m) Trnatz, Da hend, and Vogel — To 
prevent tho liquid super heating, Tiautz and 
Bechend 1 used an olectncally heated wnc as 
a cc boiling accelerator ” when they were 
determining tho latent heat of sulphuiyl 
chloiulo With a sumlai apparatus Vogel 2 
latei measured tho latent heat of isopentane 
( boilmgq mint, 27° to 28°) In oidei to obtain 
a really constant temperature lie did not boat 
tiro flask directly by a flame, hut placed it m 
a water -hath winch was heated by a small 
flame enclosed m an asbestos box The 
appaiatus is shown diagrammatically m Fig 
7 A glass Hpmil B, which ends m a flask 
0, is connected to tho boiling vessel A as 
shown This flisk is (onnocted by a lube 
D with a volume of an contained m flasks JI 
of 120 htios content Tho piessuio m II is 
measured by means of a morciuy manometoi 
In oidei to pievont the possibly uncondensed 
vapour fiom tho Qask 0 reaching II, a second 
condensation flask with glass spnal is insetted 
m tho circuit and is cooled m a Dowai vessel 
by moans of a nuxtuio of carbon dioxide 
snow This appaiatus is especially smtablo 
lot substances such as sulphuiyl chlondc, 
becauso tho vapour never 



glass , tho moretuy manometoi moasuimg tho 
pressure isalso pi otocLod fiom tho chonneally 
actrvo va])ouiH by a U-tubo filled with caustic 
potash 

Tho oalonmoloi is filled with 1200 cc of 
water, m winch B and 0 are placed It is 
built up of throe boakois , tho two smaller 
beakers wore silvered msido and stood on 
pieces of cork, the outer hoakoi stood in a 
box covered outsido with tm-foil and filled 
with diatomacoous oaifh Tho wooden lid 
covering tho oalonrnotor was also covered 

1 ZnlHchr f 1008, xiv 275 

a ZnUihr f 'physical 1910, lwill 115 
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with tin foil m oidei to reduce the radiation 
A cncular opening in the lid, made for the 
passage of the paits of the apparatus, was 
closed during the experiment by thiee layers 
of caidbqaid covered with tin-foil, which were 
separated fiom each other by m&ulatmg layers 
of an, and only contained the necessary 
openings for connecting tubes, thermometer, 
and stirrer The stnrer consisted of two ring- 
shaped brass plates cut out obliquely m the 
form of an H The migs, 6 cm apait, were 
soldeied to two wires, which, m order to 
obtain better thermal insulation, were con 
nected above to two pieces of glass tubing 
cemented together The space between the 
spiral and the wall of the beaker was almost 
entirely occupied by the stmer Before an 
experiment the desned ptessuie was obtained 
m the artificial atmospheie by means of an 
an pump 

The amount of heat measured m the calon 
meter Q is made up of the latent heat and 
the heat which the liquid gives off while 
it is cooling flora its boiling-point t x down 
to the temperature t z If W is the amount 
of vapour, L its latent heat, and c the average 
specific heat of the fluid m the region of 
temperatures to t 2 , then 

Q = WL-PWcft.-* 2 ), 
and the latent heat of the fluid, 

4 

The specific heat of the fluid must, there 
fore, ho known m older to obtain the latent 
hoat 

(iv ) Ramsay and, Marshall 1 — Sir William 
Ramsay and Miss D Marshall employed an 
exceedingly simple and convenient apparatus 
for the determination of the heat of evapora- 
tion of different liquids at their boiling points 
The apparatus consisted essentially of a glass 
bulb with a heating coil inside This was 
surrounded with a jacket of the vapour of 
the liquid at the hoihng point The heat 
necessary for evaporation was supphed elec- 
trically, the quantity evaporated being 
determined by the loss of the weight of the 
liquid from the bulb In their experiments 
they employed a dujflieate set of apparatus 
connected m senes, and obtained the latent 
heat as a ratio fiom the known value of the 
one substance taken as standard This 
method is such that the procedure enabled 
the expenment to be carried out without an 
exact knowledge of the values of the electncal 
units, except so far as it was necessary to 
correct for the unequal lesistance coils m the 
two vessels In using the method at the 

1 Phil Mag , 1896, \li 38 


present day it would piobably be piefeiablo 
to employ a single unit and detennmo the 
cneigy generated m the healing coil \uth 
precision electrical insti unienta One ad- 
vantage of the method is that no correction is 
necessary for heat loss 

The apparatus is shown diagiammatically m 
Rig 8 The bulb had a fine spiral platinum 
wire, the ends of which were attached to stout 
platinum terminals sealed into tho glass , the 
terminals were gilded and amalgamated Tho 
upper end of each bulb was diavn out into a 
lather narrow open tube through which tho 
liquid could be introduced, and which could he 
closed to prevent loss dunng weighing This 
bulb was set up m an oidinaiy vapoui jacketing 
arrangement provided 
with side bulb and 
condenser The jacket 
was closed at the 
bottom by an mclia- 
lubber coik tlnough 
which passed two 
U-tubes containing 
mercury The ter- 
minals of the heating 
coil rested on the inner 
ends, into the outer 
ends dipped the wires 
carrying the current 
Tho cork was protected 
by a layer of mercury 
so that it could not 
come into contact with 
the liquid Each lamp 
was jacketed by a 



Vapoui 

Jacket 


Mercury Cup connections 
to Heating Coil 

JMO 8. 


vapoui of its own 
liquid so that the 
temperature of its con- 
tents could he raised 
to the boiling-point without ebullition taking 
place until the current was switched on 
In performing an expenment tho liquid m 
tho side bulb of tho jacket was fust caused to 
bod, and the current was not switched on 
until the contents of the lamp woio judged to 
have reached the temperature of tho condensing 
vapoui If this were so the liquid would pass 
mto tranquil ebullition the moment tho encmt 
was operated It was generally found advis- 
able to drop into tho lamp a little glass 
capillary tube to provide a staitmg point foi 
boiling, as most of the liquids showed a great 
tendency to be superheated and bump A 
small coirection was necessary foi tho loss of 
liquid before the boiling-point was reached, 
and this was determined by separate experi- 
ments 

The original intention was to uso watei 
as the standard of comparison, but so 
many practical difficulties arose m con 
nection with this that it was decided to 
adopt benzene 
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§ (10) Latfnt Heat of Evaporation 
of Blnzeni — To obtain absolute value 
of the latent beat of benzene Qnihths and 
Mai shall 1 employed the appaiatus shown in 
Fiq 3 

The piocoduie was exactly the same as 
that adopted m the case of watei and the 
following values weio obtained 


Tahli, VI 


Pempi latuie 
(Nihogcn h(ale) 

Lit eat of Ben/eno 
( [Tint == calorie atlT’fl) 

50° 

90 14 

40 

X00 71 

30 

102 30 

20 ! 

103 82 


These hgiuos couespond cloaoly with the 
lmoai lonuula 

\j 1 07 05- 0 158f 


Assuming this foi inula to hold up to 80 2° 0 , 
the boihug-pomt of the ben/eno at atmoaphouo 
juessuio, we get as the latent heat of vapousa- 
tion ol benzene at its boiling point 

L~<)4 34, 

expressed m tonus of the thermal units at 
15° This does not diftoi veiy much from 
the duoct detcummations of R Sclull i (93 4) 
and lx Wnt/ 5 (92 9), using tho Boitholot 
typo apparatus 

i; (11) DihdusstoN of Latent TIfat Data* 
—Numeious attempts have been made to 
connect the value of tho latent heat of a 
substance with its othei physical properties 

(i ) Tiouton -—The best -known geneiahsa- 
tion is that of Ticmton,® which states that 

ML , 

constant, 

wheio L ih the latent heat, M is tho molecular weight, 
T tho absolute (empeinluio 

Tins law is tiue for members of tho same 
chemical group such as the hychoeaibons, 
etc, hut is not tiuo for widely dihoiont 
substaiu es, as Table VT1 shows 
Tho law also applies to metals and morganio 
substances with a different constant, a few 
values of which for representative groups 
is given below 

Ilg, (USfinJh* , * 19 30 to 20 20 

J\ IHMj, VO* H a H, CH a . 21 2 to 21 4 
K, Kt('l 4 , Jig 23 (Ho 22*0 

Bi* lit . 23 0 

Nir a . 23 0 

* Van Aubel, Oampt rend, 1013, Uvl 450 

1 Phil Maq, 1800, \J1 I 
a hutnu's Annalm* 1880, ecxxxlv 338, 

8 Wml Ann , 1800, \1 138 
1 Mac also PUnch wmdry t by .Sidney Young (hong- 
mans, (been, 1918) 

8 Phil Mag xvili 54 


It was shown by Despietz m 1823 8 that 
some iclationship of the foim given above by 
Ti out on held, and later Pictet (1876), Ramsay 
(1877), 7 1 ©discovered it independently, but 
it is now genei ally icfened to as Tiouton’s 
law although Ins papei only appeared 111 
1884 

Tabll VII 



Litent 
lle.it * 

Boiling 

point 

ML 

T 

Benz one 

94 4 

80 2° 

20 05 

Toluene 

86 8 

110 8 

20 01 

Metaxylono 

82 8 

138 6 

21 03 

Watei 

530 h 

100 0 

25 04 

Alcohol 

21(> f> 

78 2 

28 09 

Acetn acid 

97 0 

118 5 

14 72 

Methyl foimate 

110 1 

31 8 

21 45 

Ethyl foi mate 

914 

54 3 

21 13 

Methyl acetate 

97 0 

57 1 

21 53 

Piopyl foimate 

90 2 

80 9 

22 38 

Ethyl acetate 

88 1 

77 15 

21 93 

M< th>i piopionati 

89 0 

* 79 7 

21 99 

Piopyl aeotalo 

83 2 

101 25 

22 45 

Ethyl piopionate 

81 8 

99 2 

22 22 

Methyl butyiato 

79 7 

102 7 

21 43 

Methyl isobutyiato 

75 0 

92 3 

20 74 

Methyl alcohol 

2610 

017 

218 

Eornno acid 

120 1 

100 6 

14 8 

(Jhloiofoim 

58 4 

61 5 

20 8 

Anilmo 

3119 

1 184 0 

23 2 


* Correction mpuud in some cases owing to 
evaporation ol tho liquid dining the heating to tho 
boiling point, but collection probably of the same 
01 del as the cnois of experiment 

(n ) Mills — In 111010 iccont yeais the theory 
lias been developed a step Xiuthei by J E 
Mills, 8 who has deduced the expiession 

L- R 1 

. - , -=• constant, 

</Pr ~ \7>v 

where latent heat of vaporisation, 

Ifijte.Jiottt equivalent of external woik 
Jlonoo L-Kj is the internal heat of vaporisation 
fh and p v two tlie densities of liquid and saturated 
vapom lespeotivel}- 

The formula is based on the following assumptions 

(1) Tho molecules aio ovonly distributed 

(2) Tho numhoi of inoloonles does not oliange 
duung vaporisation 

(3) No energy expended 111 mtra moleculai 
woik 

(4) TI 10 foioo of att motion does not vaiy with 
temperature 

(5) Tho moleculai attiaotion vanes inversely as 
the squaio of the distance 

In connection with assumption (5) Mills points 
out that if tho other assumptions aio correct the fifth 
follows 

fl Ann Ohm J823, x\iv 323 

7 Phil Hoe (Uiwgow, 

> Jour Phya Ohm , 1902, vi 209, 100 1, vlii 
383 and 593, 1905, K J02, J 000, x 1, el Appleby 
and tliuipmau, Prims Ohm doe , 191 J, cv 734, 
Hutton, Phil Mag , BUS, xxix 503. 

2 0 
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Mills, m testing the formula, obtained values 
of L ovei a wide lange of tempeiature by 
calculation, from the theimodynamic equation 

L=>v-V4, 

where L= latent heat, 

T=the absolute temperature, 
dpjdt — the rate of increase of vapour 
pleasure per degree 

V v and Vj = volumes of saturated vapoui and 
liquid 

Of 31 substances examined, 8 gave abnormal 
results The measurements m the case of 3 
were not altogether satisfactory, while the 
remaining 5 exceptions (water, 3 alcohols, and 
acetic acid) were abnormal m several of their 
physical properties 

From the remaining 23 substances it was 
possible to calculate 378 values of the constant 
Mills found that the mean value was -within 
2 per cent for 349 cases, and 29 cases of 
divergencies were possibly due to errors of 
measurement 

§ (12) Supplementary References to 
Latent Heat Determinations 


III Latent Heat of Fusion 

latent heat of fusion of any substance 
red as the quantity of heat required to 


convert unit mass of the solid at the 
melting-point into liquid at the same tem- 
perature 

A variety of methods have been devised 
to determine this physical constant, the 
substance usually studied being ice 
§ (131 Heat of Fusion of Icje — Blail, 
m 1762 made a rough measurement and 
obtained the value 79 7 calories, and to lum 
is also due the credit of first drawing a 
clear distinction between specific and latent 
heat 

In 1780 Lavo%bier and Laplace made some 
experiments m which they deter mined the 
amount of ice melted by a known weight of 
watei cooling through a known mtoival of 
tempeiature The heated water was enclosed 
m a thin metal sphere, and it requited sixteen 
hours foi the sphoie and its contents to leach 
equilibrium temperature with the ice on immer- 
sion m the calonmetor 
Although the method of experiment was 
obviously unsatisfactory, the value they gave 
— 75 calories per gram of ice molted — was 
accepted for the next sixty years 
§ (14) Determinations by “ Method of 

Mixtures 55 (i ) lleqnaull , m * 
1842, applied the “ method 
of mixtures” to the ptoblom 
His first experiments woto 
made with snow cooled 
slightly below 0° The snow 
was immersed m tho calori- 
meter and tho ohango of 
tempeiature of the water 
observed Tho valuo 79 2 
calouos was obtained for tho 
latent heat Othoi experiments 
with small blocks of icq gave 
79 06 calouos 

The following year La Fro 
vostaye and Desams 1 published 
an account of their oxpeu 
monts by a similai method, and 
gavo the valuo 79 01 calouos 
Although considerable caio was 
taken to eliminate tho usual 
sources of orrot m caloumetuc 
work it is not quito certain 
that sufficient care was taken 
to removo all traces of moisliuo 
adhering to tho mo befoio 
immersion m tho caloumotoi 
Their value is undoubtedly too 
low 

(n ) Hess, m 1848, employed 
the same method, but cooled 
the ice several degrees below 
0° C to ensure tho absonco of 
adhering moisture Tins pro- 
cedure necessitated a determination of tho 
specific heat of ice 

1 Ann de Chimie , 3«, 1843, vlii 5 


Table VIII 


Obseiver 

Method 

Reference 

Wirtz 

Joly steam calori 
meter 

Wied Ann , 1890, xl 438 

Wehnelt and 
Musceleanu 

Electrical method 
suitable for high 
temperatures 

D&utsch Phys Oesell , 
1912, xiv 1032 

Jahn 

Ice calorimeter 

Zeit yhysilc Ghem , 1893, 
xi 788 

Fletcher and 
Tyror 

Electrical method 

Trans Ghem 8oc , 1913, 
cm 617 

Kaklenberg 

Electrically heated 
platinum wire 

Journ Phys Ghem, 1901, 
v 215, 284 

Shearer 

[ 

Phys Lev , 1903, xvii 
469 

J C Brown 


Trans Ghem Soc , 1903, 
lxwj.ii 987 

Estreicher 


Zeit physilc Ghem , 1904, 
\hx 597, Acad Sci 
Cracovie Bull, 1910, 
vn a 345 

Do wax 

Metallic sp lieies 
of known heat 
capacity dropped 
into liquefied 
gases volume of 
gas measured 

Ghem News, 1896, lxxi 
- 192 

Bolin 

99 

Drude's Ann, 1900, i 
270 
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The value obtained foi the latent heat 
of fusion was 80 3 c atones Two yeais latei 
Pei wn 1 obtained the value 80 0 calories by a 
sirmlai method 

(m ) Boqojawlensly , 2 m 1904, employed 
moicuiy as ealormietuc medium The results 
of b expeiimonts range fiom 79 41 to 79 91 
with a moan value of 79 61 

He also clotei mined the specific heat of 
ice over the lange fiom — 85°C to — 5 3° C 
This constant was required for tho reduction 
of tho Jesuits of tho latent heat experiments 
m which the mnge of temperatuie of the ice 
was from — 10° to 0° Tho value obtained for 
tho spec die heat of ice was 0 52 

(iv ) Dickinson, Ilarpe j, and Osboyne ** em 
ployed both tho “method of mixtures” and 
an oloctneal method 

Samples of ieo woio piopated m tho form 
of hollow cylinders and wei e cooled to a 
utiifoim tompoiatuie of oithoi -0 72° oi 
- 3 78° 

Expeuments on 92 samples of ice did 
not indicate any vanation m tho latent 
heat with the mode of piepaiation of the 
sample 

Observations on ieo contaminated with 
a nuxtmo of ammonia, sodium chlonde, and 
calcium ehloudo to the extent of about 
1 pait in, 1000 gave lesults about 1 4 pei cent 
lower than fat puio ieo 

Tho mean of 21 dotei mmalions of pure ice 
gave tho value 79 63 calones for the latent 
heat 

§ (15) DETERMINATIONS BY MEANS OF THE 
1 ( i K-o alo ii i meter —I ii 1 870 Bunsen devised the 
ico-eatoumetei which beam bis name Know- 
ing tho change m volume on tho melting of 
a known quantity of ice, the latent lioat of 
fusion may bo dotei mined by oxponmonts 
with the ice calorimeter as shown by Bunsen 
lie absolved the weight of mercury diawn m 
when waiet at the boiling point was dropped 
into the mnoi tube 

Bunsen found tho value 80 025 for the 
latent heat (see article on “ Calorimetry, 
Methods based on the Change of State, 5 ' 
§ ( 2 )) 

Both * has assembled the Jesuits of a number 
of detmnunatious of tho density of ice and 
deduced a value to use m calculating tho heat 
of fusion fiom the data of Bohn 6 and oi 
i hotel u*i,® both of whom used tho Bunsen ico- 
calon motor. 

The density dotei urinations reviewed aro 
as follows 



1001 , \IH , , , , 

» Sn o 209, 10)3 (Contains a summary 

of piovioiH weak ) 

4 r M tih 4 nhm Clmn , 1008, Ixii) 4 U 
& Ann tier Phys , 1005,(1), xvi 053 
« Ibid , 1005, p 503, 


Table IX 

Observ er j 

Eefe r» nee 

1 Drnsit\ * 

Bunsen £ ; 

Zakrzevski j 
Leduc ^ 

Nichols 

Barnes 

Vincent 

Abh in 47") (cor- 
rected value) 

Ann der Phys , 1892, 
(3), xlvn 155 

Compt rend , 1006, cvln 
149 

Phys Rev , 1899, vui 21 

Phys Rev , 1901, xm 35 
Phys Rev , 1902, xv 129 

1 1 

j 0 9168 J 

J 91678 j 

j } 9176 | 

' ( 91603 to ’ 

1 \ 91745 l 

| 91449 | 

1 9160 



He states the mean, excluding Nichols’ 
values, to be 0 9167, but uses Bunsen’s 
corrected value 0 9168, on the assumxition 
that the conditions of producing the ice 
used in that density determination were 
nearly the same as those under which the 
ice-calorimeter is generally used 

Applying this value to Behn’s data Both 
obtams foi heat of fusion of ice 79 69 cal 
similarly for Dieterici’s data 79 60 cal iy 

§ (16) Electrical Methods — A W Smith,” 
m 1903, applied the electrical method to the 
pioblem 

The method employed by Smith may be 
described briefly as follows The ice was 
bioken into small pieces, and cooled several 
degrees below zero It was transferred to a 
calorimeter, containing light oil, also cooled 
below 0° 0 The calorimeter was then warmed 
slowly by a feeble electric current until the 
temperature was about 1° C below zero A 
laigei current was then applied foi a suffi- 
cient time to melt the ice, and raise the resulting 
water to half a degree above zero The 
electric energy had then been expended m 
raising the temperature of the ice and the 
calorimetei from ~ 1° C to 0° C , in melting 
tho ice, and in raising the water and calori- 
meter to 0 5° C In addition some heat v as 
lost by lachation, conduction, and convection 
By suitable arrangements of the experi- 
mental conditions all of these quantities were 
determined 

§ (17) Results of Experiments — The 
xosults obtained by various observers for the 
latent heat of fusion of ice are summarised 
m Table X 

§ (18) Variation op Latent Heat op 
Fusion with Temperature —Person calcu- 
lated that the heat of fusion of a body is smaller 
tho lower the temperature becomes Petter- 
son verified this m the case of ice, and found 
that for 1° C lowermg of the melting-point 
of ice tho heat of fusion was decreased by 
0 59 calone as against 0 5 predicted by the 
theory At - 6 5° C observation gave a value 
of 76 0 calones 

7 Phys Rev , Oct 1903, No 4, svm 
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Table X 


xxTme 

Date 

Evpenments 

Tempiratnic 
It Ul o 0 of 

V itei 

Heat of 
!• u flan 

Black 

17G2 

2 

80~ 

0 

79 7 

Regnault 

1842 

4 

lb- 

7 

79 24 

Regnault 

1843 

13 

22 — 

11 

79 0b 

Provo stajc and 






Detains 

1843 

17 

24- 

10 

79 1 

Hess 

1848 

40 

19- 

7 

80 34 

Person 

1850 

b 

lb- 

5 

80 0 

Bunsen 

1870 

2 

100- 

0 

80 02 

Smith 

1903 

8 { 

Electrical 

method 

j 79 59* 

Bogojavlensky 

1904 

6 

Mercury 

79 bl 

Belrn (calc bj Roth) 

1905 




79 b9 

Dietenei { „ , ) 

1905 




79 00 

Dickinson Harper, 






and Oaborne 

1913 

1 

21 

Electrical j 

79 03) 


* Recalculated by Dickinson, Harper, and Osborne to tlio 15° calono 
and the grim miss 

f Calories at 15° per gram mass ^ & 


Latent Heat, Determination op See 
“ Latent Heat ” 

Berthelot’s Method § (9) (l ) 

Hartog and Harker’s Method § (9) (n ) 
Ramsay and Marshall’s Method § (9) (iv ) 
Trautz, Dechend, and Vogel’s Method 
§ (9) (hi ) 

By different observers not referred to m the 
text, tabulated leferences to S (12) 
Table VIII 

Latent Heat op Vapour See “ Thermo- 
dynamics,” § (29) 

Lateral Strains — Apparatus por Measur- 
ing See “ Elastic Constants, Determina- 
tion of,” § (57) 

Lead, Atomic Heat op, at low temperatures, 
Nemst’s values for, tabulated See “ Calori- 
metry, Electrical Methods of,” 8 (II) 
Table VI { h 

Lead, Specific Heat op, at various tempera- 
tures, tabulated, with the Atomic Heat 
See “Calorimetry, Electrical Methods of,” 

§ (10), Table V 

Leads, Compensating, in Thermo -electric 
Pyrometer lead wires of the same 
materials as those employed in the thermo- 
couple See “ Thermocouples,” § (20) 

Least Action, Principle op If the total 
energy of a system of bodies m motion 
remains constant, the sum of the products of 
the masses, the velocities, and the spaces 
described is a minimum Thus 2m \v ds is 
a minimum J 

Lenoie Gas Engine See “ Engines, Thermo- 
dynamics of Internal Combustion,” (§ 32) (i ) 

, Hydraulic See “ Hydraulics,” § (58) 
General Mechanical Properties op 
Elastic Constants, Determination of ” 

. A\ * 


LIQUEFACTION OF UASRS 

An important pait of the 
science of ttefni/etahon (q r ) 
deals with methods of pto- 
ducmg cold so oxtiomo as to 
liquefy an and other su-c ailed 
permanent gases This, a putt 
from its application to pui pnsi s 
of leaeaieh, is now thn basis ol 
a considoiablo industry, which 
employs the licjueFac tion ol mi 
as a stop to wauls the sopma- 
tion ot its eonstiluents, with 
the object of making com- 
moroial use ol the o\yg(si or 
the mtiogen oi both To 
liquefy any pine gas tho gas 
must bo cooled bolcnv its uj ilic tl 
tompoiatuio, L winch lot oxygen 
moans ft cooling below — 1 1 H‘ J ( 1 
and for mttogon a c oolmg bolnw 
- 140° (J Temperatures mu eh 
lowei than this have been reached by the 
methods hereafter desmbod Hydrogen, 
whose critical tompoiatiue is - 2,15° ( J , has 
not only been liquefied (hist by Dowai m | H$>S) 
but solidified, its molting point uihIot aimo- 
spheno pressuio is about ~258 n (J m lf> n nl)Hi>- 
lute Even helium, tho most lefiaetmy ol all 
known gases, has boon liquefied (hint by ( )tmoH 
m 1908) undei conditions that lowei od llm 
temperature to within tlneo oi four dogieen 
of the absolute zcio Its euticml tempt mime 
is “208° C These lomaikablo aelnovomeuls 
became possible through the invention by 
Dewarm 1891 of tho Vmmuu Fesvc/, whuh 
secuies thermal insulation by the use ol two 
glass walls with a veiy perfectly eUmuntecl 
space between them On the mnoi nutface 
of the outor wall Dowai deposits a Jilin of 
mercury, which greatly roclucoH tho ontiy of 
heat by radiation In such vesseiH liqiucL gases 
may be decanted and handled with ease, 
earned about from plaoo to place, and oven 
stored for short pounds with no more Umu a 
moderate loss by evaporation 
§ (1) Regenerative Cooling -Ono way 
of reaching a very low LompoiaUuo, originally 
used by Pictet and called tho “ caHoade ” 
method, winch has clono valuable service m 
the hands of Dowai, is to have a sorjoH of 
vapour- compression refugoratmg machines 
so connected that the working subHtance 
f one, when cooled by its own ovnpnra- 
tion, acts as tho oiiculating fluid to eouJ 
the condenser of the next machine of the 
series, and so on Different working (IukIh 
are selected for the successive machines, so 
that each m turn reaches a lower tcunpera- 
ture than its predecessor Tlio workmp; fluid 
m any one machine is evaporated at a tom- 
1 See article “ Thermodynamics,” § (37), 
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pcratuie which is lowei than the cntical 
to m pen atm o of the fluid that is used in the 
Jun\t machine of the senes Each machine 
has its completing pump, condenser, and 
oxpansion-valve Thus the fust machine may 
UH(', say, carbonic acid, lotting it evaporate at 
a tompoiatuio of -80° U oi so The next 
machine may use ethylene, condensing it m 
thoiinal contact with the evapoiatmg carbome 
<u id, and lotting it evapoiato at about - 130° C 
Thm m turn will seivo for the condensation 
<>t such a gas as oxygen aftoi moderate 
compicssion in a thud machine 

But it is m a different way that the com- 
jncuial liquefaction of an and otliei gases 
is actually earned out The usual piocess is 
a regenerative one, lust successfully developed 
by Linde, in which the Joulc-Thomson eflect 
ol luoveisiblo expansion m passing a oon- 
sti u ted oi dice (&eo “ Thermodynamics,” § (50)) 
scives as the stop-clown m temperature, and 
a cumulative cooling is produced by causing 
the gas which has sufleied this stop down to 
take up heat in a thermal intei changer from 
a not hoi portion of gas that is on its way to 
the on bee The gas to be liquefied is itself 
tiro working substance 

Imagine a gas such as an to have been 
compressed to a high pressure P A , and to 
have had the heat developed by compression 
removed by circulating water or other means, 
so that its tompoiatiue is that ol the surround 
mgs Gall this mitral temperature T x Let 
the compressed gas at that temperature enter 
an apparatus m which it expands nreversibly 
(l lu ough an expansion-valve or porous plug 
or eniiHtmted oulic o of any kind) to a much 
lowei pressure P J{ , at which pressure it leaves 
the apparatus, If the gas wei o an ideal perfect 
gas this move? cubic expansion would cause 
no fall in temperature 

In a real gas them is A r — 

in general a fall from 0— 

T t to mime lowin' tom- ^ 
peiatuie T The fall B 
T t T' measures the 
Joulc-Thomson eool- 
j ug o licet lot the given — 

drop m pressure In 
Joule and Thomson’s 


We may define Q as the Quantum i + 
vhich each unit quantity Q f the kL 
have to take up lithm the appamtus ^ 
temperature on leavmg the annarpf-i ^ * 
made equal to lte 

measures the available cooling effect due to 

r a ; P n ir tity of gas ** *«. £5 

of gas which has passed the onlice takes to 
heat from the stream that is on its wav to 
the onfiee with the result that the outgoing 
stream, before it escapes, has its tempeiature 
restored to T x or very near it This fs easily 
accomplished by having, within the apparatus^ 
a long approach pipe or worm through 'which 
the compressed gas passes before it reaches 
the orifice, and round the outside of which 
the expanded gas passes away, so that there 
is intimate thermal connection between the 
two streams For simplicity we may assume 
the inter changer to act so perfectly that when 
the outgoing gas reaches the exit it has 
acquired the same temperature T x as the 
entermg gas Each unit of it will therefore 
have taken up a quantity of heat equal to Q 
as defined above 

Under these conditions the apparatus will 
steadily lose heat at the rate of Q units for 
every unit quantity of gas that passes through 
If we suppose the apparatus as a whole to be 
thermally insulated agamst leakage of heat 
into it from outside, there will consequently 
be a continuous reduction of the stock of 
heat that is held by the pipes and the gas m 
them The result is a progressive cooling 
which constitutes the first stage of the action 

It may help to make the matter clear if we 
dzaw up an account of the energy received 


experiments on air it was about a quaitoi of a 
degree Cm each atmosphere of (hop m pressure 
The eoolmg eflect of the (hop m piessuio 
may bo measured by the quantity of heat 
which would have to ho supplied to the gas, 
per unit of muss, after expansion, to restore 
it to tho temperature at which it entered the 
apparatus (Jail that quantity Q then 

Q K ;j ( r J\ - T'), 

where K p m tho moan specific heat of the gas 
at tho lower pressure Pb between these 
temperatures 


and discharged by the apparatus Gas enters 
at A {Fig I) under the pressure P A and at 
the temperature T x Gas leaves the apparatus 
at 15 under tho pressure P B and at the same 
temperature T 1? having taken up, through 
tho action of the interchanger, a quantity 
of heat equal to Q The pipes and expansion 
orifice are not shown m the sketch they are 
withm the enclosing case, which is assumed 
to be a perfect non-conductor of heat During 
the first stage of the action the stopcock 0 
(which is used at a later stage for drawing 
ofi: the liquefied gas) is closed, and all the gas 
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that has gone m at A goes out at B , it is 
onh by the entiy of gas at A and by its escape 
at B that energy enteis or leaves the apparatus 
Each unit of entering gas contains a quantity 
of internal energy E A , and the work that is 
done upon it as it goes m is P A V A Each 
unit of outgoing gas contains a quantity of 
internal energy Eb, and does work, against 
external pressure, equal to BbWb Hence, 
for each lb that flows through, the net amount 
of heat which the apparatus loses is 

Eb+ PbVb ~ (E\ + P a V a ), or Ib —I a 

But the amount so lost is Q, namely the heat 
that is required to lestore the gas to the 
temperature at which it makes its exit 
Hence for each unit quantity of gas that 
passes through the apparatus, 

Q=Ib-Ia 

The contents of the apparatus become 
colder and colder in consequence of this 


continued abstraction of heat But it should 
be noticed that their fall in temperature does 
not affect the value of Q We assume that 
the action of the thermal mterchanger con- 
tinues to be perfect, in that case the exit 
temperature will still be equal to the initial 
temperature T x however cold the interior 
becomes m the neighbourhood of the expansion 
onfice There will be no change m the value 
of either I B or I A , and consequently no 
change in Q The value of Q, as the above 
expression shows, depends entirely on the 
conditions at A and at B , with perfect 
interchange this means that it depends only 
orL Pa> Pb, and T x It is independent of any 
temperature conditions witlnn the apparatus, 
and therefore remains unaltered as the action 
proceeds 

This stage of progressive cooling continues 
until the temperature of the gas at the place 
where it is coldest, namely on the low-pressure 


side of the expansion valve, hills not ouL 
below the cutical point, but to a \ due Tj 
which is low enough to let the gas begin to 
liquefy unelei the pressure I’u In olhet 
words, Tj is the boiling point ( nut spomling 
to P 1} This is the lowest tompeiatuio that 
is leached 

A continuous gradient of iompoiutme 1ms 
now become established along the How pipe 
witlnn tho apparatus from the point of 
entiance, where it is r J\, to tho high prossuto 
side of tho expansion valve, where it e\<eeds 
To by the amount of the Houle Thomson (Imp 
Theie is also a continuous gradient along the 
return pipe from T>, on the low piesNUie side 
of tho valve, to T x at tho exit The flow ami 
return stieams aio m dose Iheimal (oufrul, 
and at eatli point theie is an excess of iem- 
peiatuie in the flow wlmh allows heat lo 
pass by conduction into tho letuin, except at 
the entiance, wheio, uudoi the ideal condition 
which we have postulated oi perfect m lot - 
change, the lompoiatum 
of both (low and re 
tui n is T, 

Tins state of things ih 
diagiammatn ally i epr e- 
sonted in Pujs, 2 and 2a 
Them the How and re- 
turn arc represented an 
taking place m at might 
pipes, ono inside tlu k 
other to pi ovule fru 
mtotehango of heal 
Enteimg along the innei 
pipe A tho umipiessed 
gas expands tluough a 
constricted orifice K 
(equivalent to an e\- 
pansum - valve) min a 
vessel from wlueh it 
i alums by the outer 
pipe B Tho vessel is provided with a slop- 
cock 0, by which that pail of the fluid wlueh 
is liquefied can bo drawn off when the second 
stage of the operation has been reached In 
the temperature diagram (Fof 2\) MN 
represents the length of the interchange!, 
DM is tho temperature r J\ at wlueh the gas 
enters and leaves tho appai at us, GN is 
and FG is the Joulo-Thomson drop I)F ih 
the temperature gradient for tho How-pipe, and 
GD for the return 

When this giadient has become established 
the gas begins to liquefy, tho appal atiw does 
not become any colder, and tho action enters 
on the second stage, which is one of thetmal 
equilibrium A certain small fraction of tho 
gas is continuously liquefied and may bo 
drained off as a liquid through tho stopcock G 
The laigor fraction, which is not liquefied, 
contmues to escape through tho interchange! 
and to leave the apparatus at the same 



56 ? 


LIQUEFACTION OF GASES 


temper at mo as bofoie, namely the temperature 
T 19 equal to that of the entering gas Call 
tins unliquelled fraction q f then \-q 
represents the fraction that is drawn off as 
a liquid at the temperature I\ Since the 
apparatus is now neither gaming nor losing 
heat on the whole, its heat account must 
balance , flora which 

I v = (?Ib+(1-(?)Ic, 

whore Ia is tho total heat per lb of the gas 
entering at A, Tb is tho total heat per lb of 
tho gas loavmg at B, and I () is the total heat 
per lb of tho liquid leaving at C In this 
steady working the aggregate rotal heat of 
tho fluid passing out is equal to that of the 
fluid passing m, since tho fluid, as a whole, 
takes up no heat in passing through the 
apparatus 

Supposo now that the liquid winch is drawn 
off at C were evaporated at its boiling-point 
T>, and then boated at tho same pressure from 
f l\ to T t Assuming that the specific heat of 
the vapour may be treated as constant, the 
heat roqiuied to poifoim that operation would 
be 

(l- ff )LL|-K i (T 1 -T a )] 

But that hypothetical operation would result 
in this, that tho whole of the fluid then 
loavmg tho appaiatus would be restored to 
tho tempeiaturo of cutty, namely T 1? since 
tho part which escapes at B is ahoady at that 
tomporatuio Hence tho heat required for it 
is equal to tho quantity Q as already defined 
Wo thoiofoio have 

(l-ff)LLl K/r.-T^Q, 
flora whii li 

Q 

1 M K^Ti-l’a) 

This equation allows tho fraotion that is 
liquefied to ho calculated when Q is known 
Tho fraction so found is tho ideal output of 
liquid, for wo have assumed that there is no 
leakage of heat from without, and that tho 
action of the m l« changer is peifoet in tho 
souse that tho outgoing gas is raised by it 
to tho tomporatuio of entry Under real 
conditions there will bo some thermal leakage, 
and tho gas will escape at a temperature some- 
what lower than r J\ , tho effect is to dimmish 
tire fraction actually liquefied 

Tho fraotion that is hquehod is mcioasod 
by using a larger pressure drop It is also 
increased by j educing tho initial temperature 
T x , thus tho output of a given apparatus 
can be raised by using a separate refngor 
aiing device to pro cool the gas Pro cooling 
is mdjsponsablo if tho method is to bo applied 
to a gas in which, like hydrogen, tho Joule- 
Thomeon effect is a heating effect at ordinaiy 
temperatures, but becomes a cooling effect 


temperature is sufficient 


when the initial 
low 

Affii.saa? 
s suss? ‘r,rrr”’ 

apparatus shown diagrammatical^ m Fig T 
It consists of an mteiehanger CDE formed of 
two spiral coils of p lp es, one in Slde the ££ 
enclosed in a thermally msulatmg case 4 
compressing pump P delivers air under hmh 
pressure through the valve H into a cooler J 
where the heat developed by compression is 
removed by water emulating m the ordinal 
way from an inlet at K to an outlet at L 
I he compressed air then passes on 

through the pipe BC to the mner worm, and 
after traversmg the worm it expands through 
the throttle- valve R into the vessel T, thereby 
suffering a drop in temperature Then it 
returns thiough the outer worm F and being 
m close contact with the inner worm takes 
up heat from the gas that is still on its wav 
to expand Finally, it reaches the com- 
pression cylinder P through the suction valve 
G, and is compressed to go again through the 
cycle Dunng the first stage it simply goes 
round and round m this w T ay , but when the 
second stage is reached and condensation 
begins, the part that is liquefied is drawn off 
at Y and the loss is made good by pumping 
m more air through the stop valve at A, by 
means of an auxiliary low-pressure pump/not 
shown in the sketch, which delivers air from 
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tho atmosphere to the low-pressure side of 
tho circulating system 

Lmde showed that by keeping this lower 
pressuie moderately high it is practicable to 
reduce the amount of work that has to be 
spent in liquefying a given quantity of air 
lie pointed out that while the cooling effect 
of expansion depends upon the difference of 
pressures Pa. and Pb on the two sides of the 
orifice, the woik done m compressing the air 
m the circulating system depends on the ratio 
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of Pi to Pb It is roughly proportional to 
the logarithm of that ratio, for it approximates 
to the work spent m the isothermal com 
pression of a perfect gas There is accordingly 
a substantial advantage in respect of theimo 
dynamic efficiency m using, for the mam 
pait of the working substance, a closed circu- 
lation with a fairly high back-pressure 
In working on a small scale it is convenient 
to accelerate the action by usmg carbonic 
acid as a preliminary cooling agent This is 

Air Expansion 
Value 

Carbonic Acid 
Value vSj 



Pig 4 


illustrated in the laboratory appaiatus of 

L 4 7 here ^P^ssed air enters on the 
nght and passes first through a coil sur- 
rounded by carbomc acid which has been 
coo e by release through an expansion valve 
trom a compressed state The effect is to 
pre cool the air to about - 80° 0 It then 
passes on to the regenerator, which is situated 
hi the centre of the apparatus and consists 


of a long spiral of fine metal tubing outside 
of which the an sti earns oil after passing 
through the expansion valve at the hoi tom 
In passing the valve sonio of the an is liquefied 
and collects m the vacuum vessel below 
Important modifications of Linde's melliod 
were made m 1902 and later by G Claude 
It had long been recognised that them would 
be a thermodynamic advant igo if (ho fluid, 
instead of expanding lnevoisibly through a 
constnctcd oiihco, weie made to do external 
work by expanding m an expansion eylmdei 
or equivalent device A gieatei step down in 
tomperatuio would then bo obtained, foi in 
addition to the Joule Thomson cooling diet t 
there would bo the laigoi cooling efieef due 
to the encigy whi<h the substance loses m 
doing work Claude sue < ceded m o\ dooming 
practical difficulties as to lubi teat ion vvbuh 
had prevented the use of an < xpaimmn < ylmdet 
m veiy low temper atm os, and dowsed various 
forms of expansive working, one of which is 
shown diagrammatical ly in Fu/ 5 Them 
only a part of the compressed an, which enters 
through the cential pipe ol the ecuudet- 
cuucnt mtei changer M, passes into the expan- 
sion eylmdei D tt expands, doing external 
work, and is then discharged tluougli a 
tubular condenser L, m which it serves an 
a cooling agent to maintain a Lempointuie 
that is not only lower than the eiitiuil tom 
pei atiu e of au, but is snlhciently low to make 
an liquefy at the (^essuro at which it culms 
the appaiatus The remainder of the com- 
pressed an is directly admitted to the lubes 
of L and is condensed there, still under (ho 
pressure of admission, dropping as a liquid 
to the lowei part of the vessel, fjom wlmh 
it can be diawn oJT through a tail at the 
bottom 

§ (2) Separation oit tub Constituents oi 
Air — Aftei an has been liquefied the con- 
stituent gases can be separated by re-ova porn- 
tion because they liavo different boiling-points 
The boilmg- point of nitrogen, under atmo- 
spheric pressure, is about - 195° C, whereas 
that of oxygon is - 3 82« (! When a quantity 
of liquefied air ovapoiates freely both gases 
pass off, hut not m the original proportion 
m winch they are mixed m the liquid Tim 
nitrogen evaporates moio readily, and l bo 
liquid that is loft becomes ueher m oxygen 
as the evaporation proceeds Tlus diflt unco 
m volatility between oxygen and nitrogen 
makes it possiblo to carry out a process or 
lertijicatwn analogous to the process used by 
distillers for extracting spirit from the “ wash " 
or ermented wort, which is a weak mixture 
or alcohol and water 

In the (Iovk'g used lox that pu.poso th<w 
is a rectifying oolumn consisting of a titll 
ctonber containing many zigzag shelvoH ».r 
plates. The wash entors at the lop 
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of the column and tuckles slowly down, liquefy an wlucli is being pumped m undei 
meeting a cuiient of steam which is admitted picssure The cold gases that aio leaving 
at tho bottom and uses up through the shelves the apparatus, namely the oxygen that is the 
The down coming wash and the up-gomg useful product, and the nitiogen that passes 
steam are thereby biouglit into close contact off as waste gas at the top of the column, 
and an exchange of fluid takes jilace. ^ aie ma d e to tiaveiso counter-cunent mtei- 
each stage sumo ot the alcohol is ovapoiated changers on then way out, m which they give 
fiom tho wash and some of the steam is con- up then cold to the incoming air 
doused, the heat supplied by tho condensation A rectifying column ariangcd m tins way 
of tho steam solving to cvapoiate the alcohol does not completely sepaiate tho two con- 
Tho condensed steam becomes pait of the stitucnts, foi although it yields neaily puie 
down coming stieam of (hud , the evaporated oxygen it allows a pait of the oxygen to escape • 
alcohol becomes pait of tho up-going stream and does not yiold puie nitiogen In a com- 
of vapoui Finally, at tho top a vapom moicial process foi tho manufacture of oxygen 
comparatively uch m alcohol passes ofT , at this is of no consequence But a modifrca- 
iho bottom a fluid accumulates which is watoi tion of tho process, mtioduccd laict by Claude 
with litllo 01 no alcohol in it A tcmpcia- ( Oompfc s tend u ?, Nov 20, 1905), enables 
true gi adieu t is established m tho column tho separation to be made substantially 
at tho bottom tho temperature is that of comploto, and yields both gases m a nearly 
steam, and at the top thoie is a lowei tom piuo state The modification consists m 
pciatuio approximating to tho 
boiling point of ale ohol Tho wash 
enters at tins comparatively low 
tompciatiuo, and takes up boat 
from the sic uu as it ti u kies down 
A eoiiospondmg method was 
patented by Lin do m 1902 foi 
separating the moio volatile con- 
stituent (nitiogen) fiom liquid air 
lu his appliance, the pimiaiy 
purpose of which was to ohtam 
oxygen, theio is a rectifying 
column down which liquid an 
tuckles, starting at the top with 
a tern pci atuio a little under 
-101° V or 79° absolute, which 
is the bmhng point of lit pud an 
undei atmospheric pi assure As 
tho liquid tuckles down it moots an 
up going slionm of gas which consists (at tho oxtondmg tho leetilymg column upwards and 
bottom) of neaily puie oxygen, initially at a ju supplying it at the top with a liquid lieh 
temper atuio ui about !)l n absolute, that being in mtiogon A fi actional method of hquo 
tho boiling point of oxygen undei atmospheno faction is adopted which separates tho con 
piOHSUie As tho gas i isos and eomos into doused mateiial at once into two liquids, one 
close content with tho down-coming liquid, containing much oxygen and tho other little 
tliejo is a give and take of substance: at except nitiogen Tho latter is sent to tho 
each stage some of tho using oxygen is con- top of tho rectifying column, wlnlo the former 
doused and Homo of the mi rogon m the down- on torn tho column at a lower point, appro- 
coming liquid is evaporated , the liquid also pirate fo the proportion it contains of tho 
becomes rather wanner. By tho time it two constituents Practically pmo mtiogon 
loaches the bottom it muuhIh of neaily puie passes oil as gas at tho top, and piaotieally 
oxygon . tho mtiogon has almost completely pure oxygon fiom tho bottom 
passed off ns gas, and tho gas winch passes JHtj, 0 is a diagram showing tho modified 
oil at tho (op c ousirttH \oiy hugely of nitiogen process as earnest out by Olauclo Tho 
Mmo precisely it consists of nitrogen mixed oountoi-cunont ml oi'oh augers, winch arc of 
with about 7 per emit of oxygon , m other course part of the actual apparatus, aio 
wouls, out of the' whole ougmat oxygen content omitted from tho diagiam 
of an (say 21 per cent) two-thuds are biouglit Compressed air, cooled by tho mtorobangoi 
down as’hqmd oxygen to tho bottom of tho on its way, enters tho condenser at A Tho 
column, while one third passes off imsopar- omidonsor consists of two sots ol vortical 
ated along with all iho nitrogen, Tho oxygon tubes, communicating at tho top, where they 
that gathers at tho bottom is withdrawn all open uxto tho vessel B, but separated at 
for use, and m its evapoiation it servos to tho bottom, Tho central tubes, which open 
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the vessel C Both sets are immersed m a 
bath, S, of liquid which, when the machine is 
in full operation, consists of nearly pure 


oxygen The condensation of the compressed 
air causes this oxygen to be evapoiatod 
Part of it streams up the icctifymg column 
I), to be condensed theie m canymg out the 
woik of rectification and consequently to 
return to the vessel below The rest of the 
evaporated oxygen, forming one of the useful 
products, goes off by the pipe E at the side 
The compiessed an, aheady cooled by the 
interchanges, enteis the condenser at A Tt 
first passes up the eontial gioup of condenser 
tubes and the liquid which is f mined in them 
contains a relatively laige proportion of oxygen 
This liquid drams back into the vessel A, 
whole it collects, and the gas whu li lias sur- 
vived condensation m theso tubes goes on 
through B to the outer set of tubes, is con- 
densed m them, and chains into the othoi 
collecting vessel 0 It consists almost wholly 
of nitrogen The liquid contents of 0 pass 
(through an expansion- valve) to the top of 
the rectifying column, while those of A (after 
also passing through an expansion - valve) 
enter the column lower down, at a level L 
which is chosen to coi respond with tho pro- 
portion of the constituents Tlio result is to 
secure practically complete rectification, and 
the second product of the apparatus — com- 
mercially puie nitrogen — passes oil at the 
top through the pipe N 

To understand how a rectifying column 
acts in soparatmg tho constituents of an, 
it is useful to xefei to tho experiments of 
ECO Baly (Phil Mag , Juno 1900) on the 
evaporation of mixtures of liquid, nitrogen, 
and oxygen Given a mixture of these 
liquids m any assigned proportion, equilibrium 
between liquid and vapour is possible only 
when the vapour contains a definite proportion 
of the two constituents, but tins proportion 
is not the same as that m the liquid mixture 
Say, for example, that the liquid nnxturo is 
half oxygen and half nitrogen, then aeeoidmg 
to Baly’s experiments the vapour proceeding 
from such a mixture will consist of about 22 
per cent of oxygen and 78 per cent ot nitrogen 
With these proportions tliero will bo equili- 
brium If, however, a vapour richer than tins 
m oxygen were brought into contact with 
the half-and-half liquid, part of tho gaseous 
oxygen would condense and part of the liquid 
nitrogen would be evapoiatod, until tho propor- 
tion giving equilibrium is reached Tho curve, 
Fig 7, shows for each proportion of oxygen m 
the mixed liquid what is, in tho vapour, tho 
corresponding proportion of oxygen necessary 
for equilibrium, m other words what is the 
proportion in the vapour, when that is being 
formed by the evaporation of the mixed 
liquid m the first stagos of such an evaporation, 
before the proportion of the liquid changes 
In this curve the base line specifics the per- 
centage of oxygen m any mixture of the two 
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liquids, and the oidinate gives the proportion 
of oxygen in tho eoriespondmg vapour, when 
the vapoui is fonned under a pressure of 
one atmobphoie Much the same geneial 
1 elation will hold at other pressuies It will 
bo seen fiom the cui vo that when the evaporat- 
ing liquid mixtuie is liquid air (oxygen 21 pei 
cent, mtiogen 79 per cent) the pioportion 
of oxygen piesent m the vapoui that is 
coming off is about 7 pci cent or a little 
lesi This is what occms at the top of Linde’s 
ongmil leotifymg column The liquid that 
is ovapoiatmg 
tlioio is fleshly 
jouned liquid an, 
and lionto the 
waste gases cany 
oil about 7 poi 
et nt oJ oxygen 
(Joining down the 
column tho liquid 
inuls ilselL m con- 
tact with gas con- 
taining muio 
oxygon than coi- 
icsponds to cqui- 
hl>uum Auoid- 
mgly oxygmi is 
condensed and 
mtiogen im ovapo- 
nited at each 
stage m the do- 
seentr, m tho eiTort 
at each level to 
ieadi a condition 
of cqiuhbnum bo~ 
tween the liquid 
and the vapour 
with wluch it is 
thot o in contact 
Again, tliouuvo 
slums that when 
air, containing 21 
pin cent of oxygen, 
iiqueticH, tho 
liquid that is lot mod should contain about 
48 pei cent of oxygen, if its composition is 
such as will maintain oquihbuum with tho 
gaseous air In tho apparatus shown m 
/'V/, () tins condition holds for the contents 
of the vessel A. Tho first pot turns of the air 
to be condensed trickle dowu the sides of tho 
eonlial condenser*- tubes and arc “scrubbed” 
by the an as it ascends; that is to say, they 
arc bi ought into such intimate contact with 
tho ascending air that a condition of oqm 
hbrmm between liquid and vapour is at least 
closely approached. Accordingly tho liquid 
which t oil eels m the vessel A contains some- 
th mg like 18 per cent of oxygen By making 
the condenser* tubes long enough it is clear 
that little or no oxygen will bo left to pass 
over through B into tho other tubes, and the 


liquid that collects m C will he neaily all 
mtiogen It is tiue, of comae, that m the 
uppci parts of the ccntial tubes the liquid 
that is foimcd consists laigely of nitrogen, 
hut as this trickles down the tube m which 
it has been condensed there is a give and 
take botween it and the ascending gas, pre- 
cisely like that which occuis in a rectifying 
column, and when the liquid leaches the 
bottom it is nearly m equilibrium with the 
gaseous ait, and thciefore contains about 48 
poi cent of oxygen 
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When tins liquid fiom A is discharged 
through an expansion- valve into the rectifying 
column at L, part of it immediately evaporates, 
pi educing an atmosphere which has tho com- 
position of an {21 per cent of oxygon) The 
part of tho column which extends above this 
point induces the percentage of oxygen m tho 
ascending gas fiom 21 poi cent to piaotically 
ml, by means of the liquid from 0, 

In somo plants for oanymg out tho process 
of roetilication on a laigo scale it is claimed 
that mtiogen mill a purity of 99 8 pei cent 
is ob lauiod A Lmdo plant at Odda, m N orway, 
separates out tho nitrogen fiom about one 
hundred tons of air daily for use m tho manu 
lacturo of cyananudo, a nitrogenous fertiliser 
which is formed by passing gaseous mtiogen 
over hot calcium carbide 
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Another commeicial application of the 
liquefaction of gases is m the manufacture 
of hydrogen from water gas, which consists 
mainly of a mixture of hydrogen with caibon 
monoxide The carbon monoxide is separated 
out by liquefying it, leaving the hydrogen m 
the state of gas The last stage of this separa- 
tion is effected by using liquid nitrogen as 
an auxiliary coohng agent The scheme of a 
hydrogen apparatus as used by the Lmde 
Company is shown in Fig 8 Water gas, 
under compres- 

J H sion, enters at 

=-w* and 

through a 
counter - current 
interchanger into 
the coil B m 
the condensing 
vessel K The 
vessel K is kept 
nearly full* %f 
liquid^ carb#i 
monoxide which 
has come fiom 
the coil and has 
suffered a step- 
down in tern- 
peiature by 
passmg through 
the expansion- 
valve R When 
the compicssed 
water-gas enters 
Pig 8 — apparatus for separating the coil B, most 
Hydiogen Irom Water-gas of the oarbon 

monoxide m it 
becomes condensed, but most of the hydrogen 
remains gaseous The mixture m the coil 
passes on into a separating vessel A enclosed 
in a vessel Y and kept very cold by liquid 
nitrogen which enters thiough S after being 
formed m a rectifying tower that is not shown 
in the diagram The nitrogen m V is con- 
tinuously boiling off at a low pressure This 
selves to lemove most of the residue of carbon 
monoxide, and nearly pure hydrogen passes 
off, still under pressure, at II Both it and 
the carbon monoxide, which passes off at CO, 
pass through pipes m the counter-current inter- 
changer by means of which heat is removed 
from the incoming water-gas j a e 


Liquid, Absolute Expansion of a , deter- 
mination by a hydrostatic method See 
“ Thermal Expansion,” § (11) 

Liquid Columns for Pressure Measure 
ment See “Pressure, Measurement of” 
5 ( 3 ) 

Liquid Level Indicators See “Meters,” 

Voi in 


Liquid Mr inks See “Meteis,” Vol III 
Liquid Piston Pumps See “An pumps,” 

8 ( 15 ) 

Liquids 

Measurement of Relative Expansion of 
See “ Thcimal Expansion,” § (10) 

Methods of moasunng Thonnni < Vmduetivd y 
of Column Method — Film Method — 
Flow Method Sco “Heat, Conduction 
of,” § (7) 

Specific Heat of, by Eloclmal Methods 
See “ Calornnetiy, Elootiual Methods 
of,” § (2) 

Values of Thermal Conductivity of Sco 
“ Heat, Conduction ol,” 4} (7), Table IV 
Loading OoefficiiT'NT, Non dimensional 
Critioai See “Dynamical Similanty, 
The Pi maples of,” ^(13) 

Locomotive Engines See “ Steam Engines, 
Rccipiocatmg,” 4} (8) 

Locus of a Point in a Mi- an an ism See 
“ Kinematics of Machines y,” § (11) 
Logarithmic Decrement the natiual 
loganthm of the latio of two successive 
amplitudes of a point executing dumped 
harmonic motion, given by an-tl sin (nl l t) 
Its valuo is vT, where T is the tune of a 
complete oscillation winch is espial to 2 ir/n 
Lower Pairs For definition hoc “ Kine- 
matics of Maeluneiy," § (2) 

Lubricants, Mixtures oi< the o fleet h on 
the factional resistance oi mechanism duo 
to mixing small quantities of lived oils to 
mineral oils See “ Faction,” § (29) 

LUBRICATION, BOUNDARY 
CONDITIONS IN 

Lubrication falls into two sharply distinct 
divisions accoi cling as tho solid faces aio cu ate 
not fully sopaiatocl by a layoi of lubi leant In 
the latter tho physical pi open tics of tho solid 
faces play an impcntant pait, m tho fonnoi 
tho layer is thick enough lor the lulu u ant to 
develop its pioportios when m masH, and the 
faction tlieiofoio is tho internal or viscous 
faction of tho lubricant modified hy the form 
of tho bounding solid faces The faction ol 
“ dry ” and “ greasy ” faces constitutes the 
one division In it what Osborn o Reynolds 
called “ boundary conditions ” open ale, and 
tho friction therefore might bo called bounds i y 
faction The other division includes the so- 
called “ complete lubrication ” of journals oi 
slide blocks running m a bath of lubi leant so 
that the rubbing faces are completely floated 
apart 

The remaikablo feature of luhricaf ion, and 
one which a complete thorny must explain, is 
that these two divisions are opposed to each 
other m all important characteristics. In 




LUBRICATION, BOUNDARY CONDITIONS IN 


573 


flotation Bt.vt.ic 1 notion is absent, and the 
icHist.mce to lolativo motion vanes directly c 
v ith the viscosity, that is to say it depends p 
on the internal fnction of the Iuhneant and s< 
tho aioa of the opposed surfaces, and increases s 
aslho ulouty of relative motion increases t 
1 ii lx uindai y lulu leation there is static friction, c 
i lio I m inmal icsistanco being equal to that m c 
kmetu lint ion unless the state of the sohds 1 
ihomsohoH is altoiod by the stiessos , and the i 
losisi. into vanes as some mvoiso function of < 
t ho VMtouiy of the lubricant, and is mde- ] 
pondout. ol the atea and lolativo velocity 
The tot dions ate so completely opposed to 
one anot hoi as to make it probable that if we . 
could mliudmo a single puio chemical sub- i 
Ht,m<o between two dean solid faces so as 
pt udtullv to m< maso the thickness of the layer, 
mo should meet with a discontinuity of state 
sut U that at a ooituu critical thickness 
bound uy conditions would disappeai to give 
w ay to dotation 

N.ilmully on lining solid suifacos such as 
the hui liu e of a pane of glass aio contaminated 
bv an invisible him of mattoi condensed from 
tlie atmospheie or douvod from contact with 
othoi MuhstnueoH The giossor part of this 
idm being ot a gieasy nature, it loducos the 
fm l urn oi “ t loan ” hues by about 70 per 
cent The him may be lomovod, or rather 
iho mossm puit of it, by various methods 
Km esample, gl.iHH may be cleaned by washing 
vuth uoap and water, heating m sulphuric and 
tlitotiue m ids, washing m vvatei and diymg 
ui < lenn div au The (oetlicient of fnction p, 
ot i loan iaies, that is to say the latio of the 
tangent i d pull to the total normal pressure, is 
high, being 0 Ui foi mown glass, 0 74 for haul 
Hirek and 0 50 for bismuth 

'Phut dims of a given Iuhneant may be 
deposited on such dean faces by exposing 
them to its vn pom, or by spreading lubzicant 
over them ami then polishing off all excess 
with Imeu vim h has been deprived by pro- 


Bilms can be formed m this way onlv in 
clean dry air, because water has a singular 
power of disturbing the relations between the 
sohdand the lubi leant The films are, therefore, 
subject to evaporation so active as to remove 
the lubricant as fast as it is spread from the 
drop, save when, as m the case of acetic acid 
or tnpropylamme, it is very strongly adsorbed 
by the solid This is prettily shown bv propv 1 
alcohol In the immediate neighbourhood of a 
drop of the substance the fnction of a srla^s 
plate is found to fall to a low value ( j. = H 4h), 
but as one moves away the fnetun rapmly 
but gradually nses to the 4 clean ’ value One 
can picture, hut not see, a film continually 
spreadmg from the drop of alcohol and as 
continually being removed by evaporation, so 
that it vanishes completely a few centimetres 
from the edge of the drop 

When the surfaces are flooded by the lubri- 
cant so that the slider moves in a pool, the 
thickness of the film which persists between 
fqces w ill be determined by capillary f< >rces 
The” friction of such flooded surfaces is m all 
cases so far measured equal to that of sur- 
faces covered only by the invisible film just 
described, and we thus come to the second 
remarkable parados of boundary fnction, 
namely, that the boundary fnction is inde- 
pendent of the quantity of Iuhneant on the 
faces The following figures will serve to 
illustrate this 



Surface floode 1 
with Lubricant 

Burnished FJm | 
ot Lubricant j 

Amyl Alcohol 

58 

fL— 59 | 

C'aprylic Alcohol 

fi= 51 

fi= 54 

Heroic And 

Ai = 46 

| fi= 46 j 

Oaprylic Acid 

At- 34 

1 LL~ 34 | 


A description of the method adopted for 
making these measurements will he found on 
the following page 

The third remarkable feature of slid mg 


wtm ilium nm'ii jukt ^ - 11 

kitvud and Npenal iioatmoni of all maternal f nc tion is expressed m what is usually caned. 
....,,,',1,1,, „f t.i mi; convoyed to tho solid face Coulomb’s law— unfortunately so, since the 
Mill Ii *11111.11 I>N !U*o what nio commonly called j aw w clearly formulated more e *= . y 

f, Thu most mtorostmg method years earlier by Amontons m 1699 ft states 
of m.idueiiU' “ dt v ” lubi ication is by allowing that tho total factional resistance is mae- 
Ll hil'uumt UsoIC to spread over tho clean ndent 0 f the area of contact and of the 
uu ,l w | ho inilwmco ol molecular at- relative velocity, bemg dependent only on the 
r,,,o H an c.uunplo, tnko tho following total normal pressure If we speak of th 
of |. no arctic and is placed reaoilon 0 f the fixed surface-using the word 
mTlo ™ ‘f a clean Plato of glass, say m the sense in whrch Newton W£-«a 
. iMnmiv immovBOd m dr T mT call the normal component N and the tan 

N ,1 i, !g nhvlIoH to 11.0 souses follows The gonil al component F, then Amontons law m 
\ r* t j ..it iLunoimmco remains whore expiessed by F/N — /x — constant 

i?" t nlo f rffahy 4 actei 4 
;? cSi- * i ^ ^ 

flirt urn having fallen from 0 94 to ? 1 Amontons, ’Sqclvmw krangen, 

Iiooiu.hh an mv.s.hlo film has spread over it , *» . C Womb, Mm to* *» 

from tho vauhlu drop of acid, 1785,X 
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the lubacant floats the surfaces completely 
apart 

In considenng the question whether bho law 
is an. approximation, and if so within what 
limits it holds, we will take the two negative 
statements separately In 1895 H Pamleve 1 * 
investigated mathematically the pioperties of 
mechanical systems subject to the relation 
ja = F/N, and came to the conclusion that it 
leads to certain impossible discontinuities of 
motion His method consisted m introducing 
into the equations of motion the leactions 
F and N as forces doing virtual work His 
paper led to a controversy, carried on by 
French and Geiman mathematicians, which 
continued for about fifteen years Prom it 
one conclusion seems to emerge, namely that 
Amontons 5 * law holds only when the geometrical 
relations of the surfaces which are compared 
are such that the normal and tangential 
reactions, the position of the conti e of gravity, 
and the moment of meitia of the shdei have 
the same geometrical relations throughout 3 
As an example, the value of p will depend 
not merely upon the weight of a circular 
plane disc sliding on a plane suiface but 
also on the position of the centre of gravity 
with respect to the geometrical centre of 
the disc This relation must not be con- 
founded with Michelks 3 conclusion that the 
coefficient of friction of a plate sliding 
over a fully lubricated surface depends 
upon the geometucal position of the load, 
because the formei holds for static as well 
as kinetic friction, whereas Michell’s analysis, 
like Osborne Reynold’s, postulates relative 
motion 

The measurements of static friction which 
foxm the basis of this aiticle were made with 
a slider having a curved surface which was 
applied to a plane surface, both faces being 
highly polished 4 Piom the middle of the 
slider projected a small arm from which a 
fine thread passed over a hght pulley to a 
pan When weights were placed on the 
pan the slider rocked forward and tho 
weight which just failed to cause sliding was 
used to compute the static friction Some 
lubncants appear to abolish statio friction, 
the smallest weight then causing a very 
slow glide Ricmolic acid on bismuth is an 
example 

By a simple modification of the form of the 
arm, the pull could be adjusted so as to do 
away with the locking of the slider This 
was not found to alter the friction Both the 
weight and the radius of curvature of the 

1 Camples rendus , 1895, cxxi 112 

a Compare, for example, Chamat, Camptes rendus , 
1903, cxxxvi 1034 

s Zeits Math , Leipzig, 1905, In 123 

4 For details see W B and J E Hardy, PJnl 

Mao , 1019, xxxvm 32, 49, and Phil Mag , 1920, xl 

201 


shdei were altered over a laigo range without 
detectable change m tho value of /x 

The contact between slidoi and plite was 
a circle of unknown but vciy small aiea Tho 
weight of the slidoi was vanod from 19 to 
170 grammes , the noimal piessuie was, there- 
fore, m some cases very great 

All measurements were made m a chamber 
filled with an dried and freed from dust The 
slightest trace of moisture was found com- 
pletely to altei the values 

When both the slider and the bearing have 
plane surfaces, there must always bo uncor- 
tamty as to the area of real contact, because, 
as Buigess 5 proved, even tho most carefully 
trued faces touch only at a few points, being 
separated elsewhere by a film of an or con- 
densed water vapour Whon a spherical sur- 
face slides ovor a plane surface tho area of 
contact varies with tho radius of curvature 
and with the | power of tho load The values 
of /x were found to be strictly independent of 
the load and curvature, and therefor o of the 
area of the surfaco of contact Much more 
investigation is needed m tho mtorosts both 
of theory and practice , but the experimental 
evidence so far justifies the statement that 
Amontons’ law is an exact law and not an 
approximation so long as tho physical state 
and chemical nature of the solid and lubricant 
remams the same 

The second statement, namely that /x is 
independent of the relative velocity, was 
oxammod by Fleemmg Jonkin and Ewing, 0 
who found that for haid substances, such as 
steel on stoel, static and Linotic faction wor o 
equal, but that they wero unequal, tho latter 
being less than the formoi, whon one oi both 
faces were of relatively soft matoaal, such as 
brass or gieenheart Coulomb and Morin, 7 
m 1781 and 1830 respectively, had already 
found the kinetic friction loss than static 
faction when one or both faces wore of wood 
It is probable therefore that /x is independent 
of velocity only so long as the solid facos 
themsolvos aro rigid enough not to ho modified 
by viscous flow induced by tho tangential and 
normal stresses 

Tho thooiy of boundary factum wluc h may 
bo said to hold tho field at present is due 
to Coulomb He states that faction must bo 
due to tho engaging with one another (l’on- 
gramago) of the asperities of tho suifacos, 
and that coherence must play a negligible 
part, because the effect of cohoronco would 
necessarily be proportional to tho number of 
points of contact — that is to say, to tho 
area 

Pushed to the limit, this theory moans that 
truly plane surfaces are sensibly factionloss 


5 Proc JR oy Soc , 191J, Ixxxvl A, 25 
a Phil Trans , 1877, cfxvii A, 509 
7 Qomptes rendus, 1830, p 37 
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iu»l tlut Ilia .wpontioa foim Motionless 
in< unod pi i mi os, ilio friction bomg due solely 
In i\w component paialiol to the surface of 
u'sisltiiu'o offoiod by them Since the 
mu a<(M experimented with weie always 
in^lMV polished, ilio cMpontios must have been 
\i \ V small, and the average effect of all might 
tlioioioio 1,0 supposed to be the same for 
<*((uil aie.is of si nmhlo size whorevei placed 
Jim llmoiy demands that the resistance due 
to any unu-to aioa acting alone shall be equal 
to (hat of a hui l,ue including any number of 
mu h a, nm piovided the total noimal pressure 
is < o n i i in ii t I i the at luat sin face is f i lctionless, 

1 ho i elation of timgonti d resistance to pressure 
would seem to follow from Hooke’s law. The 
(uug< ill ml M k smtan( o will bo pioportional to 
(lu change of ioim of the surface, and this again 
m pmpoiboiml to the nmmal force There is 
UumHciio nothing Violent m the assumptions, 
o\u‘p( Mint ol fnt tionh‘,ss sui faces 

1 ho dilhudty of Coulomb’ a thorny lies, not 
m tint supposed action of asperities, because 
them h no such thing as a plane suifaco of 
piutuubito it utter, and wo merely have to 
inquire w hat ( oustitutos the insonsible 
aHptui (ion of a highly pohshod face, hut m the 
as< riptitm of a neghgiblo pint to cohesion, for 
wo know that there exists on the external 
face of all solids a hold of atti action foi other 
forun of mat tot sluing enough to hind to the 
f*o a him whu h cannot m many cases be 
dotaihod without abrading the solid itself 
Thou* ran ho no manner of doubt hut that 
tlm foMo requited in eauso one of these dims 
to slip oven the solid vanes dnectly with the 
area (hu‘U such a hold of fouo, thoio will 
ho M’MHtmuo to the tangential motion of 
mat tot over a hue, wave m ilio unique case 
when I ho eqmpotoidud surfaces of the Held 
tue {ilitno and parallel to the matonal face and 
the motion in patallol to tho«o planes 

The dilemma m wlwh the theory places us 
h apparent when wo consider facts separated 
by a umlmuouH layer of lubricant Cohesion 
and repulsion now operate ovoi the whole 
men, iiudflm Fin turn 1 i stuotiy mUu mil friction, 
\\h\* then, should the factional resistance not 
he piupoitiutul to the aiea an it ih m the 
mleuwit ftulioii of homogeueouH Hinds and m 
file mutate tuition of a solid face moving 
t humph a ilmd, (‘oulumb hints that it is a 
t(tie*4w»n of degree, 11m resistance being mainly 
dut' to asperities, but careful moasuiemcnts 
show too clone an agreement with theory for 
an escape to be found in this way 
dim scale of the asperities to which friction 
H due may be estimated horn the following 
huts* The more highly polished is a surface 
of glmts the gi eater m its friction— thus glass 
tiuod ami polished to an optical face has 
sensibly the name static friction as has plate- 
gii uni, and luith give higlior values than ground- 


giass The aspenises are therefore of insensible 
dimensions The faction of pokshed 
glass, steel, or bismuth is reduced to a zeUtivelv 
hw , val f , b J tabneation rnth an akphahe 
acrcl or alcohol, even w hen aU excess of lubricant 
is burnished off The invisible film of lubricant 
Much persists gives the lowest obtainable 
value for static friction, as was noted earlier 
yet it can be at most very few molecules m 
thickness When the alcohol or acid is volatile 
at the temperatures of observation U n e thvJ 
or propyl alcohols), the burnished film 
evaporates off the surface m a few minutes 
the Motion rang as rapidly to the hi 3 h value 
for clean faces The fact that a film so 
thin gives the best boundary lubrication the 
particular substance is capable of everting 
pioves that the asperities must he of mole- 
cular dimensions We may therefore con- 
kdently reject what appears to be the current 
conception, namely that friction w due to 
material asperities each of which acts m 
opposing relative motion like a fnctiunk^ 
inclined plane, and assume that friction is 
due to the attraction of the molecules of one 
solid for the other across the interface when 
the surfaces are c< clean,” and of the molecules 
of the lubricant for each, other when thev are 
“ dry ” or “ greasy ” 

The field of force already mentioned as 
existing at a free face of solid or liquid is 
due to the unbalanced attractions of the 
molecules, and the tangential component of 
this field constitutes the surface tension 
Friction of clean faces may be regarded as 
being due to the mutual reaction of the fields, 
and, so long as boundary conditions operate, 
a lubricant reduces friction because it partly 
masks or “saturates” the fields of the 
solids 


Greasy films are formed on solid or fluid 
surfaces because they reduce the potential of 
the fields of attraction, and this process of 
condensation of foreign matter on to a surface 
is called adsorption A lubricant may there- 
fore also be said to be adsorbed by the solid 
face, and, othei things being equal, the greater 
the work done by molecular forces m forming 
the layer the better the lubricant For an 
experimental proof of this relation see the 
Philosophical Magazine , 1919, xxxvun 49, and 
1920, xl 201 

It has been known for a long time that 
adsorption is determined by chemical con- 
stitution Broadly speaking, those substances 
which are more active chemically m relation 
to the particular fluid or solid are more strongly 
adsorbed by it Thus acids, alcohols, and 
esters are more strongly absorbed by the surface 
of water than are paraffins It is therefore in 
accoi dance with expectation to find that 
aliphatic alcohols and acids are better 
lubricants of solids than their related paraffins. 
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Tins is illustrated by the following values of 
for glass, steel, and bismuth, there bemg m 
each case an excess of lubricant on the faces 


If these figures are plotted against molecu- 
lar weight the curves wall be found to be 
straight lines, so that we may wnte p, =/x 0 - aM, 
where p 0 and a are constants and M is the 
molecular weight 

The effect of the nature of the solid face is 
unexpectedly simple Within the limits of 
enor the slope of the curve is mdopendent of 
the nature of the solid face That is to say, 
a is independent of the solid face and a pure 
function of chemical constitution, the values 
bemg 

Normal paraffins a = 0013 

Normal alcohols a= 0016 

Normal acids a = 0013 

The first two acids m the series, formic and 
acetic acids, give abnormally low values of p, 
as might be expected from their other physical 
properties 

The value of the constant p Q is, on the 
contrary, determined by the nature of the 
solid faces It is, as the theory would 
lead us to expect, a function of the fric- 
tion of the faces when “ clean ” Thus we 
have for the normal paiaffins the following 
values 



Glass 

Steel 

Bismuth 

Clean p Q = 

94 

74 

50 

Lubricated p 0 — 

80 

57 

48 


These relations may be put m another way 
Bor the normal paraffins, acids, and alcohols 
the effect of changing from one sohd or another 
is to shift the curves with respect to the axes 
whilst keeping them parallel to themselves 
The general relation between the internal 
friction (viscosity) and boundary friction of 


the membeis of a chemical senes is that the 
former increase s and the latte) den cases as the 
moleculai weight mci eases ffoi nunn.il pai- 
alTins the equations 
of isotherm aio 

p~p n - aM 
and y—th I fi M, 
whom y is the co- 
efficient of internal 
f notion and (i is a 
constant Thou la- 
tinos are not so 
simple as this m 
othci chenueal 

SCI ICS 

The biblical mg 

at lion on bismuth of 
nearly one hundred 
substances has been 
measured and rela- 
tions found which 
at pi emeu t have 
received no explanation Some of these aio 
illustrated by tiro following values of /c 


CHAIN < *OM POUNDS 



Ah ohoh 


Propyl 

31 

Isopropyl 

32 

Butyl 

30 

Ino butyl 

30 

Amyl 

27 

Clyool 

30 

Octyl 

25 

Clyurol 

22 

Cetyl 

17 

Pentci y Unit ol 

‘10 


A( idi 


Propionic 

31 

Okie 

10 

Valerio 

28 

lht moho 

02 

Caprylio 

11) 

Lactic 

20 

Stcauc 

15 

(Uyccno 

22 


lUstcrs 


Ethylacetato 

30 


Ethyl valt liana to , 35 


TrisLeaim 


24 


Triolein 


H 


liivg Compounds 


Benzene 

31 

Ethyl benzene 

32 

Naphthalene 

21) 

Toluene 

28 

Anthracene 

20 

Xylene 
p Cymenn 

30 

Phenol 

25 

31 

Catechol 

19 

[1 Naphthol 

38 

Quinol 

40 

Naphthoic acid 

31) 

m Crosol 

26 

Ben/ cue at id 

18 

Benzyl alcohol 

31 

Cinnamic ac id 

27 

Ethyl liydrocmna- 


Bonziho acid 

15 

mato 

28 

Salicylio aud . 

11 

Ethyl cmnamnlo 

32 

Carvaeiol 

23 

di Pontcno 

31 

Thymol 

24 

Iso-cholesterol 

27 

Menthol „ 

»2(> 

Cyclic Compounds 


Cyclohexane 

31 

Cyclohexane! 

35 

Methyl cyclohexane 

30 

Cyclohexanone 

35 

Castor oil 

03 

Carbon totraolilomlo 

40 

Water 

33 

Chloroform 

33 


Normal Paraffins 



C 5 H 12 

c 6 h 14 

CyHjQ 

CdN 18 

Ci 3 1 io 

CLJIfio 

Glass 

71 

69 

67 

65 

11 

33 

Steel 

48 

45 

43 

41 



Bismuth 


37 

35 

32 

09 

07 


Normal Alcohols 



CH 3 OH 

CjHpiI 

o 3 H 7 on 

CjHjOH 

C 5 H n OII 

o 8 ri 17 on 

Ou.n»oii 

Glass 

67 

65 

63 

60 

58 

51 

33 

Steel 

47 

44 

41 

39 

37 

30 


Bismuth 



34 

30 

27 

25 

17 
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Tho most in 1 01 eating is the distmction C 6 
I K^t ween ntig and chain compounds The at 
simple img compounds benzene, naphtha- 
ic m\ ami anthiateno show the lineai relation 
to mulct ulai weight, and the values aie much al 
I lie same* as those for paiafims of the same tt 
molt t ulai iv eight The similarities, however, a 
end luie, foi any change m the molecular tl 
si ultimo pi oUnces opposite eliects according fc 
as it takes place in a chain oi ring Thus a a 
double bond dens oases the lubucatmg action w 
ol a unu; compound, but increases that of a 
a chain compound As examples, compare p 
tuphthoio aeid with double-bonded oxygen c 
with naphthalene, menthono with menthol, c 
i velolu*\amme with cyclohexane, bonzoic acid o 
with bon/t ne As exampLes of double-bonded c 
cat hem, (ompaie cinnamic estei with hydio- c 
timmtmc estei, di penteno, having two un- s 
m, it mated caibon atoms, with menthol and t 
t\<lnho\duo Also the moie satuiated cyclic i 
compounds aio bettor lubueants than the less { 
animated ntig compounds 1 

When a nag tn chain m joined, as m butyl- 1 
\ylems the jc'sult is a hettei lubucant than i 
edhei 

Tho estei s occupy a cjuito unexpected posi- 
tion The simple aliphatic csleis aie woise 
luhucunlH than thou i elated acids and alcohols 
Tim ling estei % on tho eontiaiy, arc better 
lubticnnls than me ilieu 1 dated acids (eg 
ctlnl hen/.oate and Ik'u/ok aeul) 

Pet haps the most mtoientmg substances are 
the Hydioxy-acids with OH and OOOII groups 
r riuH conjunction piochtces a icmaikable in- 
i' muu* m the* lubucatmg power of a chain 
compound (lactic acid and ucmolic acid), and 
almost dcsti oya lubneating action in tho case 
of the nng compounds (saluyehe and ben/yhe 

acids) , , , » 

In tin' ung compounds flic replacement oi 
Imhogcn deeionscH luhinatmg powoi m the 
of N O. or POOH, mid inin cases it 
, u the* ease of other groups m the order 

(MI, (’H on. 

The elicit of a hccowI group of tho same 
or of a ddlcjcnt kind w to decieaso the olloct 
of the* (uni Compare, foi instance, toluene 
w d li \\ lone * c dcOml, cpunol, and crosol with 
utrnuol , and methyl i y* lohoxanol with cyclo- 
hexane! Tho mmpiei the gioup tho more 
cdlei 1 1 \ it jh Compiue ( ynuuro with toluene 
or xylene, mid IhmwjI nhohol with phenol 
When (he atoms me tlwpoHecl with comj note 
symmetry about a caibon atom, tho result is 
very Intel lubricant, aw wo hoc in caibon 
tettm hlorule and the alcohol pimtorythutol 

\\y[\ he indued that no nng compound 
H a good lubucant Kvon cholesterol, with 
Urn mobs ulai w eight m »» m exception 
Tim gimip MU acts much m Oil, thm- 

pluuml c tv ll ft MJI ttiid hcm/yLhydrosulphido 


C 6 H 5 CH 2 SH resembling phenol and benz\l 
alcohol respectively 

The theory of boundary lubrication outlined 
above may be developed further b\ considering 
the properties of composite surfaces When 
a substance, say an oil, spreads on w ater, undei 
the influence of surface forces a surface is 
formed whose properties are neither those of 
a clean surface of water nor of the oil The 
water and the oil have m fact reacted on one 
another Much surfaces maj be tilled com- 
posite ” All naturally occurring surfaces are 
composite, because the free energx of *uui a 
composite surface is less than that of a * *ean 
or simple surface The reaction between tne 
components of a composite surface can be 
classed as chemical, but m a very restricted 
sense, because the condition of imimscibilitv of 
the components makes the relation of the 
molecules two-dimensional The law of aver 
age values therefore applies only in a lestnctei 
way, so that the characteristic law of chcmi>tr\ 
the law of definite and multiple piopuitium 
ceases to hold. 

The partial nature of the reactions and the 
structure of a composite surface may be 
illustrated by an example When an aliphatic 
acid such as palmitic acid forms the him on 
water, the film is probably onh one molecuk 
thick and the carboxyl groups are attracted 
by the water so that each molecule stands on 
end (See for example Adam, Pruc Boy hoc , 

A, 1921 ) The film therefore is composed of 
a layer of caibon chains oriented at right angles 
to the water face Orientation to an unknovi n 
degree may also he supposed to obtain in the 
i superficial layei of the water itself 
> Composite surfaces are formed on solids in 
a way so similar to that obtaining on fluids 
t (of Phil Mag , 1919, xxxvm 49) as to make 
3 it practically certam that they have the same 
L geneial structure, namely, marked orientation 
r of the molecules Consider two such com- 
posite faces applied to one another , the onenta- 
o tion may be disturbed by mutual attraction 
t between the molecules of the films but it will 
o not be destroyed The applied faces now form 
h a region which vanes rapidly in constitution 
>- along the normal to the interface, and its 
o boundaries are indefinite, for ve do not know 
L o how far into the solids the molecular pattern 

ohaiactenstic of the region extends 
je The film on a solid face, by more or 1m 
is completely saturating the attractive forces, 
“ Sis the capacity for cohesion I a p^e 
1 thexefore is one, but not the only » 

Id togethei It also lessens the frictional resis 

Llx ance of the f ace , forelsn 

The thinnest continuous film of ^egn 
O- mattei which can be deposited ona dean 
L surface of water is one molecule thick It* 


\IH« t 
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the film whieli is fonned when the area of the 
water face is large enough to permit of the 
substance, eg oleie acid, spreading as far as 
it has a tendency to The thickness of films 
formed in a similar way on solid surfaces has 
not yet been directly measured, but analogy 
justifies us m assuming that if the area is 
large enough the film will also be one molecule 
thick and that it can be thickened by con- 
tracting the area m reference to the quantity 
of foreign substance present m it It must be 
admitted that the i elation of the friction to 
the thickness of film on each solid face is 
difficult to follow, but the evidence so fai avail- 
able points to the conclusion that static fuction 
decreases as the layer of the lubricant is in- 
creased, but lapidly leaches a minimum when 
it begins to increase until the critical thickness 
of the film is reached beyond which dotation 
oecuis At the critical thickness static friction 
falls moie oi less abruptly to zeio 
The fact that the layer of lubricant manifests 
static friction proves that it behaves undei 
tangential stress like an elastic solid If it be a 
fluid when m mass the eftect of the atti actions 
of the sohd faces, combined with the traction, 
must therefore be to confer on a thm layer 
both orientation of its molecules with respect to 
the normal, and also solidity The oi lentation of 
the molecules spoken of above is due to the 
fact that the attraction of the molecules of 
the solid faces is not the same foi all paits 
of a molecule of the lubricant We may sup- 
pose, foi instance, that the attraction foi the 
- COOH oi - OH group is greater than for 
the remainder of a carbon chain The orienta- 
tion of the molecules of the lubricant will 
therefore be greatest at the sohd faces and 
least midway between them, because it tends 
continuously to be upset and give way to the 
random relations of the interior of a fluid 
The layei of lubricant, therefore, even if it be 
only two molecules thick, vanes rapidly m 
structure along the normal, and the peculiai 
featuie of boundaiy friction is that the 
stresses occui m a medium which is excessively 
heterogeneous along one axis, namely, the 
normal to the sohd faces, and homogeneous 
along the tangential planes 

The friction, whether static oi kinetic, is 
merely an expression of the strain produced 
m the tangent planes by the tractions, and 
the peculiar features aie due to the hetero- 
geneity of the material winch tends to confine 
the yield point when static friction gives way 
to kinetic fnction to a single tangent plane 
instead of the yield being distributed through- 
out the mass as m a homogeneous fluid or 
elastic sohd 

The factional lesistance — the “ tangential 
component of the reaction,” as French writers 
fittingly call it — has its ongm m the resistance 
of the atoms to displacement and, smce the 


| traction will tend to produce rotation, m 
resistance to disturbance of the molecular 
orientation which is a configuration of minimal 
potential energy When the traction readies 
a certain value fixed by the nature and con 
figuration of the atoms and molecules of both 
lubricant and superficial parts of tho solids, 
the tangential reaction reaches tho maximum 
possible and theie is “ yield ” on sumo paitieu 
lai tangent plane, tho position of which is 
mdetei ruinate owing to tho fact that, because 
of the rotation spoken of above, the distnlm 
turn of strain along tho normal is a function 
of the intensity of the traction Tho common 
equality between static and lanotie Xu< turns 
follows from tho fact that tho foimer measures 
the gicatcst tangential reaction the system is 
capable of 

The above hypothesis and tho limitation 
imposed by our imperfect knowledge may be 
illustrated by considering the lire lion of faces 
of bismuth in some detail This metal is 
highly ciystalhno and so buttle that a plato 
a few millimetres thick can be broken like a 
biscuit It is leadily polished, and in tho 
process of polishing an amoi plums layer is 
formed covering the crystal facets which pre- 
viously were easily visible to the naked eye* 
This amorphous layei — which may be called 
the Beilby layer — is formed, as Bobby showed, 
by a flowing of the metal, and, like* a truly 
fluid surface, it forms under the influence of 
surface tension No polishing powdei is needed 
to polish bismuth — tho operation can bo per- 
formed by rubbing tho metal on tho skin of 
the ball of the thumb The skill then becomes 
covered thickly with a lino dust of metal, a 
considerable amount of material being rapidly 
removed from tho surface, and tho dust is 
seen undoi tho microscope to bo composed of 
spheres each 01mm m diameter Tho forma- 
tion of these spheres can bo followed under 
the microscope At tho edge o£ tho plate tho 
flowing surface of tho metal is detached m a 
tlnn sheet wluoh bleaks up into drops under 
the influence of its own tension Tho sir u< tur e 
of the dust and its mode of formation ate 
tlrerefoie complete evidence of tho fluidity ot 
tho surface produced by nibbing 
Consider now tho structure oi tho material 
which is to bo the seat of strain when two 
such polished faces are separated by a layer* 
of lubricant only a few molecules tint k Ml tu t- 
mg m tho mass of the metal wo have a magma 
of sohd crystals cemented together; tins is 
followed in older by the Beilby film of un- 
known but slight thickness, the lubricant, a 
second Beilby film, and finally a second 
crystalline mass 

In each crystalline mass the molecules are 
disposed m a lcgular lattice The disposition 
m the Beilby film is unknown, but the two 
arrangements are probably incompatible with 
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one another, so that tlie transition may be 
expected to bo abiupt In the lubricant the 
molecules abutting on the bismuth face may 
bo supposed to be mmo highly oriented than 
iuo those m the middle of the layer The 
whole legion theietoie includes four surfaces 
ol disiontmmty, namely, at the interfaces 
betwem the Kathy (ilms and the crystals on 
one side and the lubricant on the other, and 
a la\et, n unely the lubucant, which vanes 
i ipidly m state, the variation being disposed 
syninu't! unity about an lmagmaiy suiface 
midway between the solid tacos Itis obvious 
tbit it is impossible to ptcdict where the yield 
pomt wdl lie under tangential stress m so 
heiet ogonouus a system, especially as, for 
i ease UN given above'), the eohesion is a function 
ol the tuw lion 

When the faction is high tho metal is tom 
if my slipping lakes place This occurs when 
no lubuumt is pioHcnt save peihaps a film of 
condensed gas, and also when tho luhncaiit is 
out w hick fads to u dueo the maximum faction 
-Unit oi clean hues— by 80 pox cent This 
may hi* mletpietod m two ways neither of 
which is 1 1 ee ftom difiuulty Tho hist is that 
the yield point is at tho ink l face between 
1 ul meant and solid, so that tho layer of lubu- 
c ill it becomes broken and tho solid faces come 
togelhei 

'phe evidence, however, goes to prove that 
to, u mg of the metal coincides with tho m- 
( option ol slipping when the layoi of lubncant 
must lie still ml act, in wludi caso wo como to ] 


tho second interpretation, namely, that the 
yield pomt when the lubncant is capable of 
bearing a tangential stress above a cntwal 
value is m the metal, possibly at the inter- 
face between the Bedby film and the trWate 
This second explanation is m 1 etter accord 
with many of the facts, but it leavrs th* faction 
to be fixed by the vield pomt of the metal for 
all except “good” lubricants All bad 
lubricants therefore should be mdistmsm -liable 
from one another — they should be nr utrri 
substances, as indeed they aie foi gUs- 1 ms 
is not the case for bismuth, as the to bit -h jv - 
The matter may be left at that Tee plju 
ment w r as entered into not because it c and i t 
pushed to a conclusion — more investigation i- 
needed to make that possible — but merely to 
illustrate wherein the difficulties he 
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MEASUREMENT, UNITS OE 1 

§ (1) Fund vmental Units — The fundamental 
units on which all physical measurements 
ate based aio those of mass, length, and time 
Two systems of units are at piescnt m use * 
the Metne system, with the metie as the unit 
of length and the kilogramme as the unit of 
mass, and the Imperial or British system, m 
which the yaid is the unit of length and the 
pound the unit of mass The system used 
almost universally foi scientific purposes is 
that in which tho centimetre ( =ono hunch odtli 
of a metie) is tho unit of length, and tho gi ammo 
(=ono thousandth of a kilogramme) is tho unit 
of mass This system is known as the conta- 
in etio gramme second (C G S ) system 

The choice of units was m the hist instance 
arbitiaiy, and no system based on actual 
physical entities, such as tho velocity of light, 
gravitational atti action, etc , is in use 

The most lecent values of the motiioal equiv a 
lents of the fundamental Butish units aie those 
legalised in the Oidei m Council of May 19, 
1898 The equivalents of the units of length 
were obtained by Benoit m 1895, and of the 
units of mass by Bioch m 1888, at tho Inter- 
national Buieau of Weights and Moasiucs 

The metiK standards of length and mass aie 
kept at tho International Bureau of Weights 
and Measuies in Sevres near Pans, and tho 
Imponal units aie prosoived at the Standaids 
O&ce of the Boaicl of Ttade, Old Palace Yaid 

§ (2) Units of Length (i) The Metie — 
The metie is defined as the distance, at tho 
melting point of ice, between tho ccnti ea of 
two lines engraved upon the polished nouLal 
web suifaco of a platinum-indium bar of neaily 
X shaped section called the lnt& national 
pioloh/pe metie This is a copy of tho original 
Boida platinum standaid — the mHi e den 
aiohxm s — which was intended to be equal to 
10- 7 or one ten-millionth of the length of tho 
mendian through Pans from Pole to Equator 
According to Claiko’s figures tho coneet 
i elation is a quadrant s 1 0007 x 10 7 metros , 
the mean of the values obtained by Ilolmoit 
and tho U H Survey for tho moan polar 
quadiant is 1 00U21 x 10 7 motion The length 
of tho bar as conatiucted is now taken as an 
arbitrary standard 

(n ) The Yard — The yaid was defined by 
tho Weights and Measures Act, 1878, as the 
distance at tonrporatiue (32° F between tho 
cential tians verso lines in two gold plugs m tho 
bron/e hai (ailed the Imperial Uavdaid yard , 
when supported on bronze rollers so as best 
to avoid flevuie of tho bai The bar is oJ 
1 inch square section, and is 38 mche i long , the 

1 Mo<it of the information contained In this nafclc’lo 
lms been taken bv permission from tho (Jompuli f s 
Handhold of the Meteorological Office, to which tho 
reader is lefeired for further details 


defining lines aie at the bottom of two holes 
so as to ho m the median piano of the bai 
(m ) Equivalents — 

(a) Meiuo Units 

Mctit 1 m =39 37008 m 

<= 1280810 ft 
- 109 11)13 yd 

Kilometre 1km = 0 (>213712 nu 

(h) Bntuji Units 

jVIiIo I mi «=1909 31(m 

Yaul l\d = 0 911100 m 

Foot 1 ft = 0 30J800 m 

huh l in = 2 5 1000 cm 

Nautical milt (English) “ 185 1 1/52 m (Adm ) 

tr {>(180 ft 

-- 1 1/515 sfatule im 

(< ) Adionomiud Units — Fm astionomieal 
woik it is convenient to use large! units than 
those defined above 

Tho astronomical unit is equal to the semi 
major a\m of tho earth’s mbit, 

1 astronomical unit l 495 10 H km 
=-{) 289 10 7 mi 

Parse o -^distance at which flic nstr 

unit subtends 1 second (I*') 
~2 Oh 10 fi anti umtsappiov 
- i 083 10 n kin 
-19158 10 17 mi 

Light-yeai — the distance {ravelled by 

light m 1 year (velocity of 
light 2 9980 JO 1 " un/seo 
- 189,329 iru /sec ) 

«s{) 31 paisc e 

(iv ) Email Umtn — For measurements of 
tho wave length of light and X-iays the unit is 
one ton thousand millionth motio, and is known 
as a Cf tenth-moti o ” or tho Angst) om uuit 


Angsti un unit 

1 AU 

10- 10 m 

Mieion 

1 p 

10 '• m 

Millimu ron 

1 pp 

10 u m 

Mil 

1 mil 

m 


(v ) Am tent Fiemh Ihnis — 

1 torso 0 ft fc 1 9390399 m 
1 foot ■ 12 m 0 32*18391 m 
1 inch 12 Puns 
hues - 27 000953 mm 

1 line - 2*255829 mm 

(vi.) Human Meamies - 

Iveist U 09978 km A) (>03 mi 
§ (3) Units of A no a —Measures of area are 
based on the standard of length 
( 1 ) Equivalent 
(a) Mcinc Umh 

Square centimetre 1 cm 2 1550 m 2 

001079 a 2 
** 0001199 yd,* 5 
100 m 2 «~ 1 are 

0 0988 lo od 
10,000 m 2 Ihwlnje 
j$47ll aeie 

8 See & (18) “ Geodetic 1 Measures •* 


2 I3M9I8 yd 
1 0(»57‘I()L ft 

1 <0957*191 m 
0 0882195 m 
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(b) Bullish Units 
1 m 2 
lft 2 
lyd 2 
1 acre 

1 squaio mile 


— 0 451b cm 2 
<= 020 03 cm 2 
=8301 0 cm 2 
—4840 Rq yds 

= 0 4047 liectr 

— 259 008 liectr 

— 2 50 sq km 


§ (4) Volume (see also “ Measuiements of 
Volume,” Vol III ) — The unit of volume is 
based on the unit of length, but m many cases 
the legal unit has been defined as the space 
occupied by a ceitain weight of a standaid 
liquid — usually watei — undei standaicl con- 
ditions 

(i ) Met ) it — An attempt was made by the 
Couudois of the metiu system to con elate the 
two units by defining the unit of mass as the 
mass of a quantity of watei which at its 
tompoiatuio of maximum density occupied 
1 cubic docimotie , the htie oi unit of volume 
could then be defined as the space occupied 
by a kilogiammo of waiter at its maximum 
density oi as the space occupied by a cube 
•with side 10 centime ties The oxponmental 
relation now accepted is that 1 kilogrammo 
of watei at 4° 0 , and piossuro 700 mm , 
occupies 1000 027 e e In 1872 tho unit of 
mass was redefined as tho mass of the Intel 
national kilogramme in its actual state, and 
in 1001 the definition adopted foi the liUe 
was the sprite occupied hy a kilogiammo of 
water at its maximum density and undei 
noimai atmospliciu ptessuie (700 mm ) 

(n ) Btihsh — Ln Bntish units tho gallon is tho 
unit of volume, and is defined as tho apace occu- 
pied by 10 lbs weight of distilled water weighed 
m an against biass weights at a piessmo of 
30 in and tompoiatuio 02° F Units based 
cm the unit of length aic also m common use 
(iu ) Equivalents — 

(a) Met) to Units 

1 ( < 0010 o m 

l him *1000 027 c c 

035 11 < ft 
f 7598 pm l 
2200 gal 

(b) Bntish Units 
1 c m a a 10 387 o< 

1 o ft 28 317 hlu s 28317 ti dl 22882 gal 
It. yd 0 7(> 15 m 3 

1 pint - 5082 lit 

1 gallon i 4 5400 lit 


§ (5) Mash, MraAHinus oir (l ) Metne — 
The Inlet national p ototi/pe laloquimme is tho 
mass oi a cylinder of platmum-mdmm, which 
is a copy of tho original Boida kilogramme — 
the 7. i kx/mni me d es ai eh i ves This was intended 
to be equal to the mass of a cubic deci- 
metre of pure water at its maximum density 
(s<>o$(l)) 

(in) Bnhsh , — Tho Impmal standard pound 
is the weight m vacuo of a platinum oylmdei 


(m) Equivalents — 

(a) Met) u Units 

Kilogiammo 1 kg = 2 2040223 lb 

Gramme , , 1 g = 15 43235b gi 

Metric tonne It = 1000 kg 

= 2204 6221b 
= 0 9842 ton 

(b) Butish Units 


Pound 

Ounce (avon ) 
Ounce (tioy and 
apothecaiy) 
Grain 
Ton 


1 lb =453 59243 g 
1 0/ = 28 3495 g 

lo/ -« 31 10348 g 
1 gr = 0 00479892 g 
1 ton= 1 010047 ✓ 10° g 


§ (6) Density — Tho density of any sub- 
stance is the mass of unit volume, and is 
measuied m grammes per cubic centime tie, or 
in pounds pci cubic foot The teim specific 
gravity is occasionally used to denote the 
density of a substance i dative to that of 
watei 

1 g /c c =02 43 lb jo ft 
1 lb /c ft = 01002 g/cc 

(l ) Density of IVatet — Water has its maxi- 
mum donsity at 3 98° C when pressure is 760 
mm , at othei inessuies the tempeiatuie of 
maximum density is given by the formula 

= 3 98 - 0225(p - 1), where p is measured 
m atmospheres 1 

Tho donsity of puro w r ater under one 
atmosphere for different temperatures is as 
follows 


Tempi iivluit a 
208 
273 
277 
293 
321 
373 


Density t, /a 

99930 
99987 
1 0000 
99821 
9881 
9584 


Density of mourn y afc tho noimai fieezmg- 
pornt ol watei 13 5955 g /c c 
(u ) Density of Dty An — The density of 
diy an vanes with pleasure and tompoiatuie 
according to the formula 


Foi diy air fieo fiom CO a Regnault obtained 
the value p n 1202 78 g /m * foi j> 0 = 760 mm , 
T 0 -273, which gives 

/) = 348 821* 

whole p is measured m nulhbais Tho addition 
of 0 Of pci cent CKVj lnoicasos the value of p 0 
by 0 021 per cent, and the ftmnula bocomos 

/> -=348 394* 

i,e p ™~1201 g lm 1 approximately at 1000 mb. 
and 290 a 

1 Kaye and baby, Physical and Chemical Constants, 

lyiB.p 22 
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(m) Density oj Damp Air — The density of 
damp an may be obtained from the density 
of diy an by means of the formula — • 


p = 


p B (p- 0 378c) 
P 


where p D is the density of dry air, 
p is the total piessuie, 
e is the vapour pressuie 


Hence 


p=3 48 394 ^ 78 ? 


§ (7) Time, Measure of — The standard of 
time is derived fiom the period of the earth’s 
rotation, and the unit of time m both metne 
and Bntish systems is the mean solar second 
which is equal to 1/24x60x60, le X/8b400 
mean solar days 

A tine solai day is defined as the intei val 
between successive tiansits of the centie of 
the sun’s disc over a meridian, but this interval 
vanes throughout the year, and m oidci that 
the civil day may be of uniform length, 
standard time is measured with reference to 
a ce mean sun ” which is supposed to i evolve 
uniformly round the earth in a time equal to 
the average length of the true solar day 

( 1 ) The mean solai day on which the defim 
tion of umt time is based is therefore defined 
as the average interval between successive 
transits of the centre of the sun across any 
given meridian 

(n ) The tiopical or sola) yeai is the average 
interval between successive passages of the 
sun across the first point of Aries (the first 


of rotation of the eaith with rcfeienoc to tho 
h\ed stais — the value is 23 houis, 5b mmutcs, 
4 090b seconds 1 

(v ) The Sidereal Yeai is the time intei val in 
which the sun appears to perform a complete 
revolution with refeience to tho lived stars 

(vi ) Equivalents — ■ 

1 tropical or solar 

yeai =365 242210b moan solai days 

1 sideical yeai — 306 2504 sidereal days 

=305 2564 mean solai clays 
(epoch 1900) 

1 mean solar day =80,400 sec 

=0 002737909 mem solai yeais 
= 1 00273791 sulci eal days 
=24 hi 3 mm 50 50 see m 
, sidereal time 

1 sidereal day =80,104 0900 see 

=0 99727 mean solar days 
=23 hi 56 nun 4 01) sec m 
mean tunc 

If 1 year =300°, 

1 mean solar day =0°59' 8 33" 
1 week =0° 53' 58" 

30 days =29° 34' 10" 

1 hour =1 140795 x 10~ 4 yeai 

=0° 2' 27 817" 

1 minute =1 90132 a 10” c year 

=2 404" 

1 second =3 168800 10~ 8 year 

=0 04101)0" 

Length of the seconds pendulum m London 
= 39 13929 m 

(vu ) Rotation of the Earth — 

Relative to a star w=0 00007292 i /s 

Relative to tho sun 1 hr =3 5° 

1° =4 mm 


point of Aries is the 
point of intei section of 
the celestial equatoi 
with the ecliptic where 
the sun ciosses tho 
equatoi from south to 
north) 

(m ) The Civil Yeai 
— According to tho 



Revolutions 

Radians 

Dcgiors, etc 

Sidereal day 

Mean solar day 
Hour . 

Minute 

Second 

1 

I 00273791 

4 178075 x lO" 1 

0 903458 x 10~* 

1 100570 x 10“ 6 

27 r 

0 300388 

2 625102 ^ 10- 1 

4 375270 a lO- 3 

7 292116 \10- B 

300° 

360 08505° 

15 01107° 

15 04107' 

15 01107" 


Julian calendar the civil year contains 365 
days foi tlnee successive years, the fourth 
year containing 366 , a further correction is 
made by which a century year contains 365 
days unless divisible by 400, when it contams 
36b 

The average value of the civil year 
365x303+366x97 
400 

—365 2425 days, 

and is accordingly approximately equal to the 
solar year, which contains 365 2422 mean solar 
days 

(iv) The Side) eal Day is defined as the 
interval between two consecutive transits of 
the first point of Aues across any selected 
meridian, and is therefore equal to the period 


§ (8) Standard Time — For tho Bntish 
Isles and the greater part of Western Europe 
(Fiance, Belgium, Spam, and Portugal) Gioon- 
wich Moan Time is tho standard and is known 
as G M T or W E T (Wostom European Time) 
For other countries a system of zono time has 
been adopted m winch tho time is i oXened to 
some standard mendian chosen so that tho 
difference between the standard time for tho 
zone and GMT is a whole number of houis 
or half-hours Thus zone 0 lies between 
7 1 W and 7J E and keeps the time of meridian 
0°, i e GMT , zone 1 lies between 7J- W 
and 22£ W , and keeps the time of meridian 
15° W , i e one hour behind GMT, zono 

1 Owing to the “precession” of flic earth’s axis the 
true period of the earth’s lotation is approximately 
01 secs longer than the sidereal day 
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- 1 is between 1\ E and 22] E , and keeps 1 
the time of mcndian 15° E , one lioui in fiont 
of GMT Some adjustment of the zones is 
made on account of political boundanes 
(i ) Local Mean Time — In order to convcit 
time m G M T into local mean time add 4 
nnnutosfoi each dtgieo of longitude ioi places 
east of Gieeiiwich, and subtiact 4 minutes foi 
each degree foi places west of Greenwich 
(u ) Appuicnl Time — Time based on tho 
lengtli of the true sol u d ly is called “ appaient 
time,” and it is tins which is measured by a 
hundnl or sunshine rec older In order to 
obtain local apparent time from local mean 
time a collection must bo applied, known as 
tho equation of time Tho collection is zor o on 
April lb, dune 15, ft cpt ember l,andI)ocomboi 5, 
ua< lies maxima of + 1(> minutes 21 seconds on 
November .1, and H- 3 minutes 49 seconds on 
May] 4, and minima of ~ 14 imnutoH 25 seconds 
on February 12, and - () mmutes 18 seconds 
on July 2b — a positive sign meaning that tho 
value is to be added to mean time to obtain 
appaient time, and a negative sign meaning 
that the value is to be subtracted Aceuinto 
values of tho equation of time foi each day 
aie given in the Nautual Almanac 

(in) tiida cal Time — If a great cnelo bo 
drawn from the polo to a star, the angle this 
hour cncle makes with the memhan is termed 
tho hmu antjle The hour angle wiwt of the 
hist point of Anes, turned into time at tho 
rate of 15° poi hour, is known as sidereal time 
(rv ) tiummo Time — Since 191b it has been 
the practice in most countries of Western 
Europe to use Summer Tune, which is one 
hour m advance of G M T The period ovei 
which summer time extends vanes m differ. ont 
conn tiles and from yenu to year 

^ (9) Mi'-yhitmn ok Anouk - The symbol r 
is use d to denote the ratio oi the c ncumferenee 
of a cnclo to its diameter 

7 r 3lJi592b5, 
log 7T 0 40715, 

- 0 ;!1830i)B8«, 

IT 

log Q) I B02K5 

(u) The Hatha n »*■ Tho unit of measurement 
for angles is the ladian, winch is equal to tho 
angle subtended at the centre of a cnelo hy 
an art* of length equal to the radius 

7r radians dHO", 

1 uiclmn • .57 29578° 

r-57° 17' 44 HI ", 

1° . t -0 017458 mOiauB, 

(it ) The Point - Wind dueotion is often 
measured m points whore 

1 point ()00°)«lli° 

§ (10) Velocity, Measure ok — Tho velocity 
of a body is defined as tho ratio oi tho distance 


moved through to tho time that is taken, 
the unit of velocity is such th it unit distance 
is moved through in unit time, and is accoid- 
mgly fixed by tho fundamental units of space 
and time 

In the metric system velocity is measured 
in centimetres per second (C G S unit), metres 
poi second, oi kilomotr es pci houi , and m the 
British system m feet pei second, miles per 
hour, or knots The unit chosen depends to 
a huge extent on tho magnitude of the quan- 
tities to ho measured 

Tho equivalents of the several units aie as 
follows 

(i ) Maine Unite — 

( V'Jitnnotro per second 1 cm /s —0 0 *28084 ft /s 
«-0 022369 mi /hr 
«0 019135 knots 

Kilometre pei hour 1 kin (hi =0 6213712 mi /hr 

(n ) Bntish Units — 

Boot per second 1 ft /h —0 101800 m /s 
Mile per hum 1 mr /hr ~0 44707 m /s 

=- 1 ()09 *44 km /In 

Knot 1 knot — 1 nautical mile/hr 

= 1 1515 mi /hr 
=0 5115* nr /r 

(m) Velocity of Lu/ht — The mean value of 
the volocity of light m vacuo is 2 9980 y I0 10 
cm /sec =186,326 mi /sec 

(iv ) Antfulai vdontij is measured m radians 
per second (1 ladian — 57 296°), oi m tho 
number of revolutions poi unit time 

4? (11) ACVLLERATKW, MEASURE OK — TllO 
unit of acceleration is such that m unit time 
tho velocity changes by unit amount, and it 
depends therefore solely upon the units chosen 
for length and time, and has dimensions, 
volocity/timo, i e L/T 2 

(l ) Meint Umln — The CG8 unit is tho 
“gal,” which is 1 centimetre per second pei 
second 

1 gal -1 cm /s“-0 0328081 ft/H 2 
1 loo t— 1 dtioamolio pen second pci second 

1 rmlligal lO^cm/H 4 
- 10 mimon/H 2 

(u) ftntwh Unite — 
ljoot poi second pci set end 30 I860 cm /s 2 
For acceleration oi gravity, soo § (17) 
“ Giavity ” 

§ (12) Foiuie, Measure of, — Eorco is 
measured hy the acceleration produced in 
unit mass, and unit force is that which would 
produce unit acceleration m unit mass Force 
may also bo measured by change of momentum 
per unit time, and has therefore tho dimon 
sums of momentum /timo — ML/T 2 
(i ) Metnc Unite —Tlio unit on tho C G S sys- 
tem is the dyne, or tho force which accelerates 
oi retards tho volocity of a mass of 1 giaramo 
by I cm per second per second A gravita- 
tional unit which is tho weight of 1 gramme is 
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also used, it is equivalent to g dynes, and 
therefore vanes with latitude and height above 
sea-level (see § (17) “ Gravity ”) 

(n ) Bntish Units — The British unit is the 
“ poundal,” the foice which m one second 
retards or accelerates the velocity of a mass 
of I lb by 1 ft per sec per sec The corre- 
sponding gravitational unit which is commonly 
employed by engineers is the weight of 1 lb 
= q poundals 
(in ) Equivalents — 

1 dyne = 1 gi imme centimetre per second 

per second 
=\v eight of 00102 g 
=7 233 x 10“ r> poundals 
1 gramme weight =080 b dynes at latitude 45° 

=081 2 dynes at London 
=978 1 dynes at the Equator 
=981 dynes at the Pole 
1 poundal = 1 1,825 dynes 
1 pound weight = 12 172 pound ils at sea level in 
latitude 4 I 5° 

=4 45 a 10 r ’ dynes 

§ (13) Work and Energy, Measure of — 
A force is said to do work when its point of 
application moves in the diiection of the foice, 
and the work done is measured by the pioduct 
of the foice and the distance through which 
the point of application moves 

Energy is measured by the work which a 
body can do , it may take the form of 

Potential energy or energy of positron, 
Kinetic eneigy oi energy of motion, 
Theimal energy or eneigy of heat 
(l ) Met) io Units — The unit on the CGS 
system is the eig, whioh is the woik done by 
a force of 1 dyne when its xioint of application 
is moved through I cm , usually a unit 
IO 7 eigs = l joule is used A practical unit is 
the lalogiamme metre, which depends on the 
value of q 

(n ) Bntish Units — The British unit is the 
“ foot-poundal,” with a eoirospondmg gravita- 
tional unit the foot pound 

(m ) Equivalents (q~ 981 cm /s 2 ) — 

I oig = gramme (centimotie poi 

second) 2 

=2 3731 x 10 _Q foot-poundals 
=7 373x 10~ 8 ft lbs * * 

1 joule =10 7 ergs 

1 kilogramme motio =10 B gramme cm 

=0 x 10 5 ergs=G 81 x 10 7 
eigs * 

1 Board of Tiado Unit 
(B T U ) =1 kilowatt hour 

=3 b X 10 13 ergs 

Foot-pound 1 ft lb = 13825 gram om 

= 1 3502 xlO 7 ergs* 

Foot-poundal =4 2139 x 10 B cigs 

Foot-ton = 2240 ft -lbs 

= 3 097 x 10 7 g cm 
=3 0380 x 10 10 ergs * 

TTrtl "" marked with ail asterisk (*) are 
» of the acceleration of gravity g 


(iv ) Hate of Wot Ling — The rate at which 
foice does work is measuied m units of woik 
pel second 

On the COS system the unit is 1 oig pel 
second oi g (cm /s )~/s The practical unit is 
the “ watt,” winch is equivalent to 1 joule 
per second 

In British units the common unit is the 
hoxse-powei =550 ft -lbs poi second 

(v ) Equivalents — 

1 watt ■= 10 7 oig/H 

= 1 joule per second 
= 1 IL HP 3 horse powoi, 

1 lioiso power = r >< r >0 ft lbs poi second 

=7 lb 10° erg/s 
=74(> watts 

1 force cle olieval ~7 3(> 10 S) eig/s 

§ (14) Pressure, Measure of (i ) Units 
— Pressure is the force poi unit area which 
any liquid or gas exerts on the suifaco in 
contact with it The unit of pressure is that 
pioduced by unit foice acting on unit area, 
and on the G G S system is a force of I dyne 
pei squaio centimetre, on the British system 
a foice of I poundal per equate foot Units 
depending on the value of g , such as 1 
gi amine weight por square centimetre or 1 lb 
weight pei squaro foot, aio also m common 
use 

(n) Baiometnc Biessuie Bar and Milli- 
bar — After the introduction of the baiometei 
picssuio camo to be measured as the length 
of a column of fluid, usually mercury (see 
“ Atmosphere, Physics of,” § (1)) , and this 
length was subsequently corrected for varia- 
tions in the valuo of g and of temper atuie 
The relation between the “ mercury - meh ” 
and the u mercuiy-milhmetio 55 and the valuo 
of pressure m units of force is obtained from 
the equation 

lp0 ~ pressure in dynes por square centimotie, 

where l is the length of the column m centi- 
metres, p is the density of mercury in giammes 
pei cubic centimetro, g is the acceleration of 
gravity m cm /s 2 

More rocently the praotie© has become 
established of measuring tho qrreasuie of the 
atmosj)heie m units of foice, and for this 
purpose the milhbar, which is equivalent to a 
pressure of 1000 dynes per square centimetio, 
has come into use in tho British Isles (soo 
“Millibar”) Tho normal atmospheric press- 
ure at sea -level is 1013 2 millibars, which 
differs little fiom 1 bai In the United 
States the “ bar ” is taken as equivalent 
to 1 dyne per square centimetre, and the 
pressure of the atmosphere is measured m 
lalohars, which are equivalent to the English 
millibars 


l 
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(m ) HqumihmU 

V a S 

1 dyuo pu aq cm = 


1 miorobcir ( =1 bar USA) 

1 45 10" 5 lbs/8q m 

2 ( )5 10b ^ 10~ 5 meioury inches 
7 5007 b 10“ 4 mercury milli- 

nu ties 

■ 1000 dyuis pci square centi- 
me!* e 

1 kilobit* (USA) 

-10 millibuis 


IhUts h l hut 
Moicuiy nuh 


700 mm 
1000 mb 


L lb /nq in 
1 m 


, anti sea level 


Mount y null —l mth of mercury at ‘12° F £ 
m latitude 4’)° [ 

»3ltt{>S2inb ( 

Alt it ui v millimelm - 1 mm of morciuy at 0° 0 in 5 
latitude 15° 

IH'UOOmb 

700 mm K>Vl2Umb 

".“iir;,-'— 4 "- 

L lb /nq in OH, 07 1 d\ncs/t m 2 ^=70 11 gm /cm 2 
1 ton /sq m 1515 10 4 dvn.es/un 2 = 1 575 

kgm /mm 2 

Hustiuui Ihtlj lines (nonual at 02° F ) j 

l ball-line -1 (>HH01 mb = 0408 m 
000 hull lnus 1012 801 mb 
The staudaid ‘ atnuwpheie” is equiva 
lent Ui 

700 mm uu ti iu\ at O'* C , lat 15°, and sea level 
750 1 mm men m\ at 0° C m London 
20 02 m m« i< my at 0° O , lat 45°, and sea- 
level 

10112 10 rt dynes pot tin 2 
1 1 7 lbs jm i wq m 
0 0 I toilH t» l Hi{ ft 

k (i;,) Tl.MlMHUTimi., Ml.AhUIlH OF —Thl CO 
arhitt.ii v hi uli'B iuo m urn- fm the jmvimuement 
U'lupi'iaUm', vi/ tho (Vutigiado, the 
li’uluontii'H, and tho lU'.iumui In all tho 
lived limiiH ol the* hi ale .wo— (1) the tem- 
iiciatiiia of ico alien milting nuclei utiuuUnl 
iilmoHiiliofii inortMiuool 7(10 mill ( 1013 2 mb ) , 
anil Cl) t ho loiiipoialino of nloa.ni him) water 
[miling mu n udly unite I»ohhuio 7(H) mm 
Tin, mi aliM dilloi, liowovoi, m tlio numonoal 
vnhii'i HhMigiioil in fl i on, two tempora- 
tmos, •uni ioiiHii|iiontly m the we of tho 

‘'''(oV' ultiliwlc. On Hu’ (l^l'<indo Healo, 
wlii.li is now iiHo.1 alnioHl nnivoiHally toi 


On tho ( Jvnl ttjt ude scale, 
•cl almost univoi sally hu 


The zero denoted the lowest temperatuic then 
leached, viz the temperature of a imxtuic if 
ice and salt, and the normal tempt rat ui t of tin 
human body, winch was found to he many 
constant, was taken as 24 c , the meltmg-pomt 
of ice being 8° The size of the degree w is 
then reduced to one-fourth, and the fixed 
pomts became 0°, 32°, and 9fr. The stale vu-> 
subsequently redefined to agree with the eenti 
giade scale at 0° C and 100 C 

(m ) The Eeaumm Scale — On tins si a«e the 
melting - point of ice is indicated 0 R , 
and the boiling - point of w ater by blF R 
The scale was until recently in common u--e 
on the Continent, but is gradually hung 
icplaced by the centigrade scale 

(iv ) Absolute Scale — The absolute «cale ♦ »f 
temperature, sometimes known as the thermo 
dynamic or work scale, was originally intro- 
duced by Lord Kelvin, and is bused on a 
consideration of the amount of work which 
can he obtamed fiom a heat engine f • »r a 
given supply of heat The zeio i" such that 
a heat engine working between any source 
and a receiver at the zero of temperature 
would convert all the heat taken m into work 
(see “Thermodynamics, 5 §§ (21), (22)) 

If the size of the degree is taken as equal to 
that on the centigrade scale the temperatuie 
of absolute zero is approximately. C , 

for degrees on the Fahrenheit scale the tem- 
perature of absolute zero is — A >9 44 I 
The centigrade thermodynamic scale is adopted 
as fundamental by the National Physical 
Laboi atoiy m view of resolutions of the Fifth 
General Conference of Weights and Measures, 

3 1913 

b The scale of the hydrogen gas thermometer 
u at constant volume is nearly comcident with 
o the work scale Some of the moie reeen 
. values for the absolute temperature of the ice 
d point on the hydrogen scale are - r 3 14 (L - 

lendar, 1903), 273 05 (Berthelot, 1900. % 
,J (Buckingham, 1908), 273 13 (Rose-Innes, 

l\ 19 The name “ Tercentesimal ” has been sug- 

i- (zested for an approximate absolute scale, 

® n 97^° r* and L Qumgente 

1.0 taking the zero as - 273 C , ana i 

simal ” for a « Fahrenheit degrees 

D measured from -459°F 

* i v i *** **-+ “\r± ras 


Will, li 1H i'idm UH1..1 HlmiiHl imivisiHiilly fni guggested by Professor McAdie is one m which 

of »-«!•.« wall, OH UH.T dogr^es the normal freezing-point » there- 

VHlu.r Hiul % vidu.'H Ih'I.iW tho ill l'l ting-point _ The relations between the 

scales are as follows 


‘rsKry? t.Kaaa: 


XI in "nmlmmlV uho .1 m U.o 

wan migmally introduced by Vahionhoit m 
Ho e'uly Iimt ol the oiglitoonth century 


c ^|(F-32)=fR=A-273 (approx ) T 

F =32 + ®C=32+|R = |A~459 4 

R = ^(F — 32) = f C=i( A — 273), 

A =Ui59- 4 + I ') =273+C=i(218 
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The relation between the size of the degiees 
on the foui scales is 

1 ° 0 = 1° A = R 

§ (16) Heat, Measure of Quantity (i ) 
Units — The empirical unit for the measure- 
ment of quantity of heat is the amount of heat 
required to raise the tempeiature of unit mass 
of water through one degiee, and depends on 
the unit chosen for the measurement of mass 
and on the scale of temperature 

In physical investigations the unit of heat 
is the gramme-calorie , or the heat requned to 
laise 1 gramme of water thiough a temperature 
of 1° C 

The unit of heat m British units, known 
as the Bntish Thermal Unit , is the quantity of 
heat lequned to raise the temperature of 1 lb 
of water thiough 1° F 

The unit of heat so defined is not the same 
at different points of the scale, and for pre- 
cision the limits through which the temper a- 
tuie is raised must be specified The unit 
used by Regnault — the “zero gramme -calorie” 
— was the quantity of heat required to raise 
1 gramme of water fiom 0° to 1° 0 The 
20° C , and 15° C calone, are also used to 
denote the value of the calone foi T = 20° C 
and T = 15° 0 lespectively More recently 
Professor Callendai has defined the “ mean 
calone ” as one-tenth of the quantity ef heat 
required to raise 1 gramme of water from 
288 a to 298 a —15° G to 25° 0 , the same 
term is, however, sometimes used to denote 
one hundredth of the heat required to raise 
1 gramme of water fiom 273 a to 373 a 

1 Bntish Thermal Unit = 777 ft lbs — 252 00 calories 
1 calone =0 00397 B Th U 

The large calorie, or 
major calone =1000 calories 

(n ) Dynamical Equivalent of Ileat — When 
it became recognised that heat is a form of 
energy, it became possible to connect the 
empirical units defined above with the funda- 
mental units of mechanics The relationship 
depends on the experimental deteimmation 
of the mechanical energy equivalent to a 
certain quantity of heat, a quantity which has 
come to be known as the Mechanical or 
Dynamical Equivalent of Heat 
The fundamental relation is 

1 mean calorie (273 a -283 a )=4 184 joules 
1 20° calorie =4 180 joules 

The reciprocal of the dynamical equivalent 
usually denoted by A = 0 239 

(m ) Capacity for Heat — The capacity for 
heat of any substance m calories (or B Th 
TT ” +rt ' " the quantity of heat required to 
ass through 1° 0 (or 1° F ) 
fic heat of a substance is the ratio 
v heat to the capacity for 


heat of water at some standard tempenitmo 
Foi standard tempeiatuie 293 a the specific 
heat is numencally the same as the capacity 
for heat m calones per giam pel degico 

(v ) Specific Heat of Waiei 1 — The value of 
the specific heat of watei at various tompoia- 
tuies is as follows (Kaye and Laby foi 20° 
calone) 


Tempeiatuie 

Spec ilk He it 

Jonh s 

273 a = 0° V 

1 0091 

4 219 

283 a = 10° 0 

1 0027 

4 191 

293 a = 20° C 

1 0000 

i 180 

303 a = 30° C 

9987 

4 175 

313 a « 40° C 

9982 

4 173 

323 a = 50° C 

9987 

4 175 

333 a = 00° V 

1 ()()()() 

4 180 

3 13 a = 70° C 

] OOP) 

4 187 

353 a = 80° C 

1 00 13 

4 19 1 

3b 1 1 = 90° C 

1 0053 

1 202 

373 a =100° C' 

1 0074 

4 211 

39 3 d =120° 0 

1 0121 

1 2 11 

41 3 a = 140° 0 

1 0171) 

1 251 

433 a = 160° G 

1 0238 

4 280 

453 a = 180° G 

1 0108 

4 109 

473 a =200° <J 

1 0381 

4 341 

493 a =220° 0 

1 04 (>7 

4 37b 


The specific heat of sea vs atoi at 290 a —0 94, 
ice at 2(>0 a -0 502 

(vi ) Specific Heat of Gases — The specific 
heat of gases has different values aeocudmg an 
the tempeiatuie is raised at constant picsMUio 
or at constant volume 

Dry air at constant press 
uro at 293 a (C*) =0 2417 (Swann, 1909) 

Dry air at constant volume 
(Ci v ) at 273 a = 0 1735 (July, 1801) 

Water vapour at constant =0 4052 (flolbnrn and 
pleasure at 373 a Ilommig, 1907) 

Water \apoui at constant 
volurao at 373 a H) MO ( Pier, 1909) 

The ratio of the specific heats, usually de- 
noted by k or 7 = CyC*, is a quantity oi Homo 
importance 

Velocity of sound m any gas *Jy p/p 

For a gas expanding adiabatic ally pv«~~eimNt 

-const 

For dry air 7**.! 40 

(7-D/7- 280 

(vn ) Latent Heat — The latent heal of vapor- 
isation is the amount of heat required to change 
I giamme of substance from liquid to vapour 
without change of temperature 

Latent heat of steam at 273 a =597 calories 
>=2495 joules /g. 

Latent heat of steam at .373 a =539 calcines 
=2252 joulos/g 

1 For a discussion of blits quantity and values In 
terms of a 17 5 3 C calorie, see “Heat, Mechanical 
Equivalent of,” §§ (7), (9) 
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The foimula connecting latent heat and 
i tempoi atuio given bv Smith 1 is 

L jS rW7 2- 5&0(T- 27 1) wlitio L ih m oaloncH 
L r 2 105 - 2 43(T - 273), wlioio L is m joules 


The latent heat of fubion is the quantity of 
Jhcat required to con veil 1 giamme of sub- 
stance from solid to liquid without change of 
tempoi atui o 


Latent heat of 1 gramme of water = 70 77 caloiics 
— 13 1 4 joules/g 

t* ( 17 ) Gravity, Mr a sunn of —The law of 
umvoisal giavitation is that every body 
attiacts eveiy othei body with a fence which 
vanes dnedly as the product of the two 
masses and inversely as the square of the 
distance between thorn 

(i ) The constant of gi notation is the constant 
<{ m the law of attraction set out above, and 
is defined by the equation 

,, „ . , .mass / mass 

borce or attraction - U . . . , 

(clist ) 2 

G = 0 0570 x 10-s ein i/ g s 2 (Boys) 

(u ) The a( ( do alion of gimnty is the aceoleia 
lion produced m any body by the force of 
the earth’s attraction, as actually measured 
Lho acceleration is tli.it due to the earth’s 
attraction minus tho contulugal forco of the 
earth’s rotation 

Owing to tho fact that the earth is not 
poiloitly spherical m shape, but is moie 
nearly a spheuud, and also on account of the 
variation with latitude of the eontufugal force 
of the earth’s lotation, and tho irregularities 
m tho density of the eai til’s surface, tho 
formulae giving the variation of g over tho 
earth’s surface are complicated 

A foimula of the following form is given hy 
flolmoit 


V 


A(l | B win 2 



2 /# 

It 


Mi <1 h'(6 -0) , \ 
'aitA" 2RA _|, 7> 


where <f> is tho latitude, R the mean radius 
of the ear Ur, h height above sea level, 
hf thielvtiess of surface strata of low density, 
A mean density of tho earth (5 0 / density 
of water), a mean density of siuCaeo strata 
(2 8 density of water), (I actual density ol 
the mu hue strata m tho region, y ore 
graphical collection due to neighbouring 
mountains 

Assuming that S 0 and y is negligible, wo 
obtain 

(I 8H0 017(1 00250 cm 20) (l -Jj [£), 


whore y 980 017 is the value of gravity at 
sea level m latitude 45°, 


Rutting R 0 37 x K) 8 motion, 

0 -080 (117(1 00259 cos 2^)(1 U 90 " 10~ 7 /i), 

wlioio h is m metres 


1 Dm Rev , 1007, 


In Bntish units, putting R = 2 09 x 10 7 feet, 
7 = 32 172(1 - 00259 cos 2</>)(l - 5 97 x 10“ 8 /i), 
whore h is m feet 

The above formula applies to places on 
the eai ill’s surface at cliff eient heights 
above sea level, and tabes account of the 
additional attraction of the high ground, 
foi points above the earth’s surface the factor 
R 2 /(R h h) 2 ~ 1/(1 4 7*/R) 2 , which is approxi- 
mately equal to 1-2/i/R if /*/R is small, 
leplaces 1 - 57* /4R 

(in ) Cent) ifiujal Foi c e of the Eai tlds Rotation 
■ — On account of tho rotation of the eaith the 
acceleration pioduced m any body is the 
losultant of tho ac colei ai ion pioduced by the 
gravitational atti action of the eaitli, and the 
acceleration pioduced by the eontufugal foice 
of the lotation Tins latter component is 
equal to - Rw 2 cos 2 </>, wheie R i& the radius 
of tho eaith and to the angulai velocity 

At the equator R = 0 377 x 10 8 cm and since 
w=7 292xl(Hi /s, 

Rw 2 = 3 39 cm /s 2 , 


hence foi latitude tp the value of q is diminished 
hy R w 2 cos 2 (j), x e hy 3 39 cos 2 (p cm /s 2 , on 
account oi tho rotation of the eaitli 

§ (18) Geodetic Measures (i ) The 
Nautical Mile — According to the definition 
adopted in England and tho United (States, 
tho nautical mile is equal to tho length of 
one minute of aic of a gioat aide on a spherical 
earth assumed to have tho same area as 
Claiko’s ellipsoid (see below) 

On Uxo Continent tho terms “nautical 
rmlo ” arid “ geognvplm al mile” are inter- 
changeable, and both aio delincd as tho mean 
length of aic of one minute of latitude which 
vanes from 18427 m at tho equator to 
1891 3 m at tho poles 

Adopting tho English dofimtion for nautical 
mile, 

Nautical nulo ^ 1853 152 m (Admiralty) 

-0080 foot 
1 1515 statute miles 

Geographical imlo— 1852 m (Aimuau e tlu Bureau 
( tmti nl dcs longitudes) 
—0070 8 hot 

(u ) Ohrid a Ellipsoid — r ITio surface of tho 
planet as determined hy ct sea - level ” is 
approximately an ellipsoid, known as Clarke’s 
ellipsoid, with axes as follows 

Sunu-polar axis , — 0,350,008 m , 

Scan equatorial axes** 0,378, 294 m and 
0,370,360 in , 

rt 7 9 

and according to Clarko’s figures 
1 quadrant — 10,007,000 m 


MECHANICAL EFFICIENCY— MEGHAN r CAL POWERS 


The values of the iadu have also been given 
as follows 



Equatoml 

Radius 

Polai 

Radius 

Clarke, 1880 

Helmert, 1906 

U 8 Survey, 1906 

m 

6,378,249 

6,378,200 

6,378,388 

m 

6,356,515 

6,356,818 

6,356,909 


(m ) Geodetic Constants — The mean polai 
quadrant = 10,002 kilometres (determined from 
a mean of Helmert and U S Suivey) 


Value of g Equator 
Lat 45° 

London 

Pole 

Mean density of earth 
Mean density of surface of 
earth 

Volume of earth = 

Mass of earth 

Area of land (estimated) 

Area of ocean (estimated) = 
Mean depth of ocean 
(Murray ) 

Volume of ocean 
Mass of ocean 
Mass of the atmosphere 
Velocity of a point on the 
earth’s rotation =4 04 
miles per hour approx 


=978 024 cm /s 2 
=980 017 cm /s 2 
=981 19 cm /s 2 
=981210 cm/s 2 
=5 5 g /c c approx 

=2 65 g /c c 
= 1 082 x 10 2] m 3 
=5 98 x 10 27 g 
=5 87 X 10 al tons 
= 1 45 \ 10 18 cm 2 
=3 67 x 10 18 cm 0 

=3 85 x 10 5 cm 
= 1 41 x 10 24 c c 
= 1 45.x 10 24 g 
—5 33 X 10 21 g 
equator due to the 
> 10 4 ems /s 2 oi 1037 


(n ) Moon — 

])»1,UHP -M»- 7 lllllll’x 1 idllis 

Mass ""‘Ehi.whh 

Diamctci = null s tISl Km 

Inclination of moon’s 

orbit to ecliptic - « r >° ^ ^ 

V K A 

Mechanical Efficiency See cc 1 VI ml Engine, 

The Watei cooled,” ^ ( 1) 

Mechanical Equivalent of Hlvt the 
amount of woik (»J) winch must hi' 
expended m the pioduttmu oi unit 
quantity of heal, it the voik is wholly 
converted into heat In the absolute 
(CC4R ) system d I LStkS IO 7 eigs pel 
giammc ealoiie On the Bntish system 
f J = 777 8 loot - pounds pm B T V This 
assumes 1400 foot-pounds (m the J ititudo 
of London) as equivalent to one mean 
pound -calonc If we assume the standard 
thermal unit to be the oneigv lequued to 
laiso one gnunmo of watei fiom 17° C to 
18° G, then J~1185*10 7 mgs, and 
assuming (7=981, its value is 252 0 kilo- 
gramme moties, oi oil the Bntish system, 
777 6 foot pounds Boo also “ Ileal, 

Mechanical Equivalent oi, ” t? (9), “Thi'imo- 

dynamus,” § (3) 

Companson of Reliable Dei erimnal ions oi 
See 1 c Heat, Mechanical Equivalent of,” 


Length of 1° of Longitude in different 
Latitudes 


Latitude 

Metres 

Nautical 

Miles 

Miles 

0° 

111,307 

60 064 

69 164 

10° 

109,627 

59 157 

68 120 

20° 

104,635 

50 463 

65 018 

30° 

96,475 

52 060 

59 948 

40° 

85,384 

46 075 

53 056 

50° 

71,687 

38 G84 

44 545 

60° 

55,793 

30 107 

34 669 

70° 

38,182 

20 604 

23 720 

80° 

19,391 

10 464 

12 049 

90° 

0 

0 

0 


«(<>) 

Onticism of Discrepancies m Values of, 
See ibid § (3) 

Discussion ol Data of Various Determina- 
tions and Selection of .Reliable Values 
See ibid § (3) 

Direct Determination Expouments See 
ibid S W (i ) 

Indued Mothods oi Doloi munition oi 
See ibid § (5) 

Joule’s Method of Detoumnation of See 
ibid § (4) (i ) 

Summaiy of Methods of Dotmmmmg See 
ibid § (7) 


§ (19 ) Astronomical Constants (i ) 

Sun — 

Distance from earth = 1 494 x 10 11 m 

=9 282 x 10 7 miles 

Mass = 329,320 x earth’s mass 

Equatorial diameter an- 
gular =32' 2" 36 

= 805,980 miles 
= 1,393,338 km 

Mean time taken hy light 
from sun to earth =498 2 seconds 

=8 3 minutes (approx ) 

Obliquity of ecliptic =23° 27' 4" 04 (1909) 

Mean equatorial solar 

parallax (Hulks, 1909) =8* 807 


MECHANICAL POWERS 

The mechanical powers aio simple pieces 
of apparatus devised originally with the 
object of laasmg a heavy weight by (lie 
application of a small force Let P he the 
applied force, and suppose that hy the motion 
of its point of application through a distance 
a, mcasmed in the direction of the foiec, the 
weight W is raised a vortical distance b t or 
more generally a force W is oxeitcd through 
a distance b 

Then the work done by the force is IV, that 
done on the weight is W b, and, ncglcetmg 
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anv losses m tho machine due to fnctxon and 
ollun tank's, those two aio equal Thus 

Pn = W6 


The t nushuctiun of the machine is such 
ih.it <t is considerably greater than b , so 
that a huge weight ih laiscd by a small 
pnw ct 

Suns' i ho displacements a and b take place 
m the same lime the quantities a and b 
measure also the velocities of the points of 
application of the weight and the powei , 
the oquiMilenoo of woik expressed hy the 
equation Ptr W b used to bo known as the 
pi me i pin of \uiual velocity, and ajb is spoken 
ol as the velocity ratio of the machine, it 
mcMMims, as we have seen, the latio of the 
w< iglil latsr'd to the foieo applied 

( 1 ) Tm 1 Nomisr Ri) Pjanx — T he inclined 
plain* is imo ol the most anciuit of the mechani- 
cal (lowers known to mankind It is probable 
that it was us( il, in its ancient foim, m the 
larsmy of huge atones such as those used 
in tin* eons! motion ot the pyramids or of 
Stonehenge 

11 the length of the piano, mensuied along 
its smiu((\ he demoted hy a, and the height 
and hoir/outal distance hyp and 7 respectively, 
them t lie' dmphu oment of a body along the 
piano will be lepiesented by a, the vertical 
displacement by /t, mult I10 horizontal displace- 
ment. bv 7 , a, /t, and 7 also represent the 
it lali\(* \elociluH m these tlueo diicctions 

A mu vivid of the ancient use of tho inclined 
plane as a means of raising heavy loads is 
seen to day m the uuhvay embankment, by 
whu h a nuliontl is earned up and clown lull, 
tin* gradient being reduced to a workable 
minimum by the election, at enormous ex- 
poiniitrun of labout, of long sloping banks of 
outlh 

In tho form of tho wedge, the inclined plane 
m commonly employed m a gieat vanoty of 
w its s, ftom tho common wedge foi splitting 
limber to its use in apparatus and machinery 
of pn cjHiom 

§ ( *) I’mmiAH (Vunlunations of belts or 
topes and pulle\s ate used to transmit 
tot dental mol ion between shafts, the axes 
of which may be* at any angle to each 
uihei In belt driving it must always be 
m ranged Hint the point at which the belt 
Icines one* pulley must bo m tho central plane 
of the neU pulley even which tho bolt has 
to puns If this 1 tilo is observed the belt 
will remain on the pulkvyH foi one direction 
of duve, but if it is downed to chive m both 
duu turns pi openly placed guide pulleys must 
lu* piov ided 

(r ) Tm Ut\% In a combination m which ono 
aviw m capable of moving parallel to itself, the 


mechanism is commonly termed a tackle 1 
the object of vhich , s to cause relative ‘h- 
paoement of the axes on which the puller, 
rotate the rotation of the pullet , ls n ‘„ t 
essential to the mechanism, then object hem- 
purely to minimise f notion 

Of the combinations forming kS tackles ” r ,i 
purchases ” there are three common system « 
In the , first Fig 1 the rveiuht is suspended 
from the axle of the Invest puller and the 
rope passing round it is attached at one end to 
a fixed beam above, the other end I fin, 
to the axle of the next lowest pulled the 
lope passing round the latter his one end 
attached to the beam and the either to the 
axle of the thud pulley, and so on The 
last rope has a free end" by which the force 
required to lift or lower the weight is applied 
m a vertical direction 

The velocity ratio of the system i- 2 \ y here 

is the number of pulleys 

In the second system, Fiq 2, one rope only 



is used, and this passes round all the pullejs 
m turn Two blocks are provided, each 
carrying a number of pulleys either on the 
same or separate axles 

The upper block is supported from a beam 
and the lower carries the weight to be lifted 
01 lowered The rope is fixed at one end to 
the upper block and passes successively 
under the first pulley of the lower block, 
over the fiist pulley of the upper block, 
under the second pulley of the lower Mock, 
and so on, travelling m the same direction 
throughout At the free end of the rope 
the force is applied 

The velocity ratio ol the system is numeri- 
cally equal to the number of ropes connecting 
the uppei and lower blocks 

In the third system, Fig 3 , all the ropes 
are attached to the weight, or to a beam 
supporting the weight The rope passing 
over any pulley is attached at one end to the 
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Fig 3 


beam, and at the other to the axle of the 
next low ei pulley except m the case of the 
lowest pulley, where the fiee end forms the 
means of applying the foice The first ox 
uppermost pulley is supported by its axle 
from an overhead beam, 
and the weight is slung 
from the low r er beam 
at a point suitably 
chosen so that all the 
ropes remain parallel 
to each other If theie 
are n pulleys, the velo 
city latio is 2 U — 1 
(n ) Dijfeiential Pul 
leys — TFes ton's Diffei - 
ential Blocl — The 
upper block of this 
tackle carries two pul- 
leys dilienng slightly 
m diameter and fixed 
to the same axle, and 
the lower block a single 
pulley 

The chain passes 
over one of the upper 
pulleys, then under the lower one, and finally 
over the second upper pulley on the opposite 
side of the axle, as shown m Fig 4 A fair 
length of chain is retamed, the ends being 
joined to form an endless linkage The 

pulleys are grooved to receive the chain 

links so that no slip of the chain over the 

pulleys is possible 

By tins device a veiy high velocity latio 
can be obtained, and is equal to 2 L/(D--d), 
where D and d are the diameters of the two 

uppei pulleys 

HI! . respectively 

jfT The Weston 

block is a modi- 
fication of the 
differential 
wheel and axle, 
the difference 
being that m 
the latter device 
the ends of the 
cham or rope 
are fixed to the 
large and small 
axles respec- 
tively, the power 
being applied by 
rotation of the axles about their common 





Fig 4 


^ ( 3 ) The Screw — If a strip of rectangular 
section he wrapped round a cylinder in such 
n w ^t its inclination to a tiansverse 
i the same, the curve assumed 
ly straight skip is known as a 
A ojection formed by the strip is 
lied the c< thread ” , this may be 


continued lound the tylindei any number of 
times m succession 

The ‘pilch ” 1 of a aeiew r in the distance, 
measured parallel to the axis of the cylmdot, 
between similar points of two successive turns 
If the screw consists of ono continuous 
thread, it is said to bo “single thuiulul” 
The pitch may, howevcu, be divided into a 
number of equal parts, and additional Ibiends 
may be introduced side by side with the 
original one, thus producing a aeiow of 
“ multiple pitch ” 

In practice, the thread lot in is \ aned lo 
suit the natuio of the work fm wlueh it. is Lo 
be used Thus, theie aie thieuds of lut.m- 
gular, somiciiculai, and tnangular section, 
each designed jcu a paituulai put pose 

If, instead of imagining the skip to bo 
wrapxiod on the outside of a (>111111111.11 bar, 
we think of it as lying on the inside of a 
hollow cylinder, and imagine the t lu cod hum 
cut m thifa, wo have a hollow show This is 
commonly known as a nut, and can ho made 
to fit oxaolly on to a bar 01 holt having a 
corresponding thread If the nut is intated 
and the screw held, it will move axially along 
the screw, or, again, it the nut 
be rotated, but pi evented from 
axial motion while the seiew is 
fiee to move axially but is 
prevented from turning, axial 
motion of the seiew will take 
place and the combination of 
nut and screw can bo used as a 
mechanical pow r or 

If the foice causing the 
motion of the rotating element Fin 5 
acts at a ladias R, thou the 
velocity ratio of the combination wall lie 
27 rR/p, whoio p is tho pilch of the tlucad 01 
its advance per 1 evolution 

Tho thread may bo wound in a leR or 
right-handed dirookon, and is names! net 01 cl- 
ing to the ducckon m which it requites to 
be rotated to cause it to advance through 
its nut 

Theoretically the velocity ratio may be 
increased indefinitely by suific lontly do< leasing 
the pitch, but m practice this is not possible 
because of tho leaultmg i eduction m tho 
thread strength 

The latio may, however, be gioatly increased 
by means of the adoption ot tho dillcionLal 
screw, illustrated m Fig G This consists of 
two screws, tho one being formed hollow and 
acting as a nut foi tho othei The smaller 
screw is prevented from lotaUng (Vmsidera- 
tion wall show that tho losultaut veitjuil 
displacement of tho weight ior one revolution 
of the large screw is equal to the difkuenco 

1 The term “ pit ill *’ is sometimes eunneotwly 
used to denote the numbei ot coils pci unit length 
of the cylinder 
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in pitch of tho two seiews, and. this may be 
made very small 

Tho velocity latio is thus 27 rR/(p — p x ), 
whoio p and aie the pitches of the two 
sen ewa 1 espec tively 

^ ( l) Worm gear — The term “ woim gear- 
mg” is now almost umvei sally applied to 
tliGt foun of mechanism, m which a screw 
gems with a wheel, the axes of the two 
elements being at light angles to each other 
l>eloio the ucent impiovements in this form 
ot geaung tox powei tiansmission weie made 
fhe leim was often used to include sciew, 
he! ii al, md skew geans 

Tim two elc merits, the wonn and the 
woim W'heol, are combined m piactice m 
thiio dilleient loi tns That most commonly 
ulopted is the parallel woim type, in which 
the worm is a liuly x>aiallcl sciew, the wheel 
herng hollow od out to tit the woim 

A set ond hum is known as tho “hollow” 
or Ilmdiey type, m winch both wonn and 
wheel hum hollow hues, and m a third foim 
tht' wheel is a true suew with the worm 
hollow luted to gear with it 

Of the two latter hums the foimei only lias 
boon develop* d to any great extent 

The gem is used to tiansmit powei from 
one avis -that of tho wonn — to a second — 
th.il of tho w r hoel - ,\i light angles , tho woim 
dm oh tho wheel, and, as it rotates, that tooth 
ot tho win el whit h, at tho moment, is m gear, 
js made to move parallel to the axis of the 
wot m, just as a nut, w hen incapable of rotation, 
mines aviallv along a seiow when the lattei 
is turned As this tooth passos out of geat, 
the nevt becomes enmeshed with tho succeed- 
ing turn of tho work, and so the motion is 
< ontmuouMly transmitted 

hr tho parallel type it is usual to design 
tho tooth of tin* worm and wheel to sccuie 
runlaet m a plane lluough the axis of the 
ini nun runl at light angle's to the axis of the 
hitter the section of tho wheel by this plane 
is made similar to that ol a Hpui gear, having 
the name duimeloi and pitch of teeth, and the 
Hstum of tho worm that of a lack to gear 
with thoHpui wheel I0n power transmission 
at high loads and speeds, howevei, it is 
neeeH«iuy to ohtaiu satisfactory contact 
be tween* Um teeth of the two elements at all 
neetuuiH paiallel to the eontial piano, and this 
is accomplished by using a wonn- thread form 
erf special section Tho relative motion of 
the two members at all points of contact 
should ho pel pendic ulai to thorr common 
HUt face at both points 

* With the' U unite v typo of goai tho teetli 
may he of any convenient# fonn, as consider &- 
tum of the accompanying chagnuns of the 
cent ml sec (ions ot the gears will show 

It will bo scon in tho second ease that the 
thread hum has not only lotational motion 
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about its own axis but also about the ,m, 
of the wheel The teeth of both elfmcts 
fo ow geometrically the same pith ana a 
rolling form of tooth section due* not there! 
fore need to be considered in this eear ft 
is essential however, that the tooth form 
chosen should render a fair kneth of « , ,rm , JOS . 
sible wrthout producing mterfeiuice fxtwun 
the teeth of the two elements 

In practice the diametei of the worm at 
the ends does not exceed about 7 pet cent 
the diameter at the throat 

The paiallel and hollow -worm txpr*. h\~e 
of late years received considerable att* n + ion 
and gears of both tyxies have been produced 



for the transmission of power with an efficiency 
of 97 per cent 

The design of a worm-gear depends m a 
great measure on the work for which it is 
intended Thus, for a gear to transmit moti* *n 
where efficiency of transmission is m»t mi- 
poitant, the gear ratio is onh limited In the 
size of the thread section and bv the aiiLle of 
friction between the gear teeth 

If it is desired that the wheel shall not 
duve the worm — that is, that the gear shall 
not be reversible — the angle of the tooth with 
the axis must be less than the angle of f net ion 
If efficiency is unimportant, the angle m i y be 
as small as desired, but if efficiency is a 
governing factor it should be made as near 
to the friction angle as possible In the 
latter case the maximum limit of efficiency 
is 50 per cent 

Tor power transmission, where high efficiency 
is desired, the worm will be reversible and the 
worm angle must be made about 40°. 

The efficiency is given by the equation 

tan 6 

^"~tan (d + fjef 

where 9 is the worm angle and u the friction 
angle J h jel 


Melting-points qe Inorganic Compotnbs 
studied as fixed temperatures for secondary 
standards of temperature and compared 
with gas thermometers m the range 500 ~ 
to 1600° C See “ Temperature, Realisation 
of Absolute Scale of,” § (90) (m.) 
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Melting POIN1S OP Metals 
As determined by Day, Sosman, and Allen, 
tabulated See “ Temperature, Realisa- 
tion of Absolute Seale of,” § (40), 
Table 11 

Studied as fixed temporatuies for second 
aiy standaids of temperatuie and com 
paied with gas thoimometeis m the 
lange 500° to 1000° 0 See ibid i} (40) (i ) 
Melting points op Refractor* Elements 
and Compounds, determined by optical 
pyrometer See “Pyiometiy, Optical,” 
§ (24) 

Mercury 

Absolute Expansion of, determined by 
Callendai See “ Thennal Expansion,” 
§ (11) (ii ) 

Absolute Expansion of, determined by 
Regnault See ibid S (U) (i ) 

Coefficient of Absolute Expansion of, tabu- 
lated fiom calculations by vanous 
methods See ibid ^ (11) (u ) 

Influence of Pressure on Thermal Expansion 
of, tabulated results of P W Bridgman 
See ibid § (13) 

Specific Heat of, deteimmod by Caliendar, 
Baines, and Cooke by the elootiical 
method See “ Calonmetiy, Electrical 
Methods of, * § (3) 

Specific Heat of, at Different Tcmpciatuies, 
tabulated See ibid § (4), Table I 
Met als 

Atomic HeaL of, at Low Temperatures, 
Nemst’s values foi, tabulated See 
“ Calonmetiy, Eleetncal Methods of,” 

§ (II), Table VI 

Methods of measuring Thermal Conductivity 
of Bar Methods — Eleetncal Methods — 
Indueet Methods — Periodic Flow Methods 
See “ Heat, Conduction of,” ^ (5) 

Molten, Emissivity of, observed approxi- 
mately by Burgess with a Feiy radiation 
pyiometei See <£ Pyiometiy, Total 
Radiation,” § (18) (iv ) 

Specific Heats of, Gaedo’s determination 
of, by the eleetncal method, tabulated 
results See u Calonmotiy, Electrical 
Methods of,” § (9), Table IV 
Specific Heats of, studied by Professor E II 
Gnfliths, F R S , and Em Griffiths ovoi 
the tango -160° to +100° C, by the 
eleetncal method See ibid § (10) 

Values of Thermal Conductivity of See 
“ Heat, Conduction of,” Table III 
Metals which can be melted in Air 
Tm, Zinc, and Gold, determination of 
melting point of See “ Thermocouples ” 
§ (22) (in ) 

Metals wtiioii require a Neutral Atmo- 
sphere WHEN THEY ARE MELTED Nickel 
and Cobalt, determination of meltmg-pomt 
of See “ Thermocouples,” § (22) (n ) 


Metals which require a Reducing Atmo- 
sphere when they are melted Anti- 
mony, Aluminium, Silvei, and Copper, 
determination of melting point of See 
“ Thermocouples,” § (22) (i ) 

Meters For the aiticlo on “Meters” see 
Vol HI 

Mioromanometj rs See “ Pressure, Measure- 

ment of,” ^ (20) 

Micrometer Water Gauge See “ Pichsuxo, 
Measurement of,” § (2(>) 

Mioropyrometer an instrument of the dis- 
appearing filament optical pyrometer type, 
devised hv Burgess foi the determination 
of the melting-points of minute specimens 
of materials See “ Pyiometiy, Optical,” 

* (I) 

Mills, J E , formulation of the expression 
giving the value oi L l5 the latent heat of 
vaponsation of a substance, m tonus of 
E 1? the heat equivalent of the external 
woik done, Sr, and 8 V > the densities of liquid 
and satin ated vapour rospeelivoly 


Li-Ei 

— : ; — = constant 

- \J^>v 

See cc Latent Heat,” § (II) (n ) 


Mitchell’s Theory of the Resistance of 
Flat Inclined Surfaces separated by a 
Film of Fluid See ct Friction,” § (27) 

Mixtures, Method of the last known ofc 

calonmetnc methods See “Calonmetiy, 

Method of Mixtures,” ^ (2) 

Model Eximsriments and their Full scale 
Equivalents See “ Dynamical Similarity, 
Principles of,” § (38) 

Model and Full-scale, Condition h>r 
Continued Similarity in Working of 
See “ Dynamical Similai ity, The Pnnuples 
of,” § (39) 

Modulus of Direct Elasticity 0 oungN 
Modulus) 

Method of Determination See “ Elastic 
Constants, Determination of,” § (hi) 
Tabulated Values See ibid § ((>5) 

Modulus of Elasticity The ratio of a 
stress applied to a body to the Hiram it 
produces See “ Elastic Constants, Deter- 
mmation of,” § (63) 

Modulus of Transverse Elasticity (Modu- 
lus of Rigidity) 

Method of Determination See “ ElaHtre 
Constants, Determination oJ,” § (66) 
Tabulated Values See ibid § (65), Table 22 

Molecular Pump (Gaede) See “ An-] tumps,” 
§ (39) 

Molecular Theory of Matter See “ Ther- 
modynamics,” § (66) 

Molecules, Finite Size and Cohesion of, 
as affecting Perfect Gas Equation 
See “ Thermodynamics,” § ((>6) 
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Mollier’s Chart of Entropy and Total 
Heat See “ Thermodynamics,” § (42) 
For Steam See “ Steam Engme, Theory 
of,” § (9) 

Eor Substances used m Refrigerating 
Machines and the Use of Oblique Co- 
ordinates See “ Refrigeration,” § (3), 
Figs 8 and 9 

Molybdenum, a possible substance foi use as 
an outei piotecting sheath foi a thermo- 
element, at high tempeiatuies See 
“ Thermocouples,” § (5) (v ) 


Moment of Inertia of a Body about a Line 
The sum of the pioducts of the mass of each 
particle of the body into the square of its 
peipendiculai distance fiom the line, 

I = 

Monatomic Gas, Energy of See “ Theimo- 
dynamics,” § (58) 

Multiple Expansion Steam Engines See 
“ Steam Engme, Theory of,” § (10) 

Multiple Screws for Ships See “ Ship 
Resistance and Propulsion,” § (49) 


N 


Naphthalene and Bfnzophenone, deter 
initiation of boiling - points of See 
“ Temperature, Realisation of Absolute 
Scalo of,” § (36) 

National Gas - engine Sec “ Engines, 
Internal Combustion ” 

100 II P Horizontal Type § (5) 

300 H P Voitical Type ^ (b) 

NPL Gear Ei- ficiency Experiments See 
“ Enotion,” § (29) 

Natterer and Cailletet, e\penmental ic- 
seaiches on the expansion of fluids under 
high pleasures See “ Thermal Expansion,” 
J( 18 )(i) 

Nernst and Lindemann, foimula for specific 
heat, tested in the case of the metals 
Al, Ag, Pb, and Ou by eompanson with 
values given by the thermodynamical 
equation, m tabular foim See “ Oalon- 
motiy, tlio Quantum Tlieoiy,” § (46), 
Table III 

Nevtlle and Heycock, woxk on losistanec 
thonnomotei using a thoimocouple Seo 
“ Thennocouples,” ^ (22) (in ) 

Newcomen’s Engine Seo “ Steam Engme, 
Reciprocating,” i? (10) 

Newton’s Tunti) Law of Motion, Meaning 
of Action and Reyotion Seo “Heat, 
Mechanical E(pnvaknt of,” ^ (1) 

Nichromb Tubes, Cast, used to some extent 
as outei protecting tubes foi thermo- 
elements See “ Thermocouples,” § (5) (iv ) 


Nickfl Carbon Eutectic (1330° C ), used as 
standaidismg point for thermocouples See 
“ Thennocouples,” § (22) (m ) 

Nickel Oxide Surface, Emissivity of, 
measured by Burgess and Eoite vith a 
Fery ladiation pyrometer See “ Pyro- 
metry, Total Radiation,” § (18) (i ) 
Nitrogen 

Sepai ation from Air of See “ Gases, 
Liquefaction of,” § (2) 

Specific Heats of, tabulated values obtained 
by Scheel and Heuse See “ Calonmetiy, 
Electrical Methods of,” § (15), Table IX 
Used as Theimometnc Substance See 
“ Thermodynamics,” § (4) 

Nitrous Oxide, Latfnt Heat of Vaporisa 
tion of, determined by Mathias See 
“ Latent Heat,” ^ (8) 

Nozzle, De Laval’s Convergent diver 
gent See “ Thennodynamics,” ^ (44) 
Nozzles 

Design of See “ Steam Engine, Theory 
of,” § (12) 

Quantity of Steam passing See “ Steam 
Tuibmo, Physics of,” (2), (3) 

Nuclei, Condensation on , expenments of 
Aitkon and Cl T R Wilson See “ Thermo 
dynamics,” § (51) 

Number oi< Molecules in a given Volume 
of Gas By Avogadro’s law this is the same 
foi all gases , the number m a gi amine 
molecule or Mol is 4 5 x 10 26 


O 


0 ECU E LI f A USER TWO STROKE ENGINE See 
“ Engines, Internal Combustion,” 4} (11) 

Oil engines Seo “ Engines, Internal Com 
bustion,” (13) el «s cq 

Oils, Specific 1Ie\t of, determined by the 
electrical method Seo cc Calonmetiy, Eloc- 
tneal Methods of,” ^ (6) 

Onnes, Kamerlingh investigation of the 
expansion of hydrogen at low tempoia- 
tmes. See “ Thermal Expansion,” § (18) 

(v) 


Optical Indicators for High speed Steam 
Engines Seo “ Piossiuo, Measurement of,” 
M19) 

Osmotic Pressure The excess pressure 
which must be applied to a solution m order 
to make its vapour pressure equal to that of 
the pine solvent Seo “Thennodynamics,” 
§ (63) 

Otto Cycle used in Gas-engines See 
“ Engines, Thermodynamics of Internal 
Combustion,” §§ (34) and (51) 
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Outlets from Reservoirs See “Hydraulics ” 
§ ( 20 ) 

Outward flow Turbines (Hydraulic) See 
“ Hydiauhcs,” § (48) (l ) 


Oxi uen, SrECiFia Heats ot s tabulated values 
obtained by Solieel and House See “ Oalon- 
metiy, Eloctucal Methods of ” ? (15), 'Pablo 
IX 


Paddle wheels See “ Ship Resistance and 
Propulsion,” § (53) 

Parsons’ Design Coefficient K A co 
efficient of impoitance in the theoiy of the 
steam turbme See “Tuibine, Develop- 
ment of the Steam,” § (12), “Steam 
Turbme, Physics of,” § (7) 

Peltier Effect, Definition and Thermo- 
dynamic Theory of See “ Thermo- 
dynamics,” § (65) 

Pelton Wheel See “ Hydiaulics,” § (47) 
(iv) 

Periodic Heat Flow 
Into Infinite Solid See “ Heat, Conduction 
of,” § (12) (i ) 

Along Rod See ibid § (5) (v ) 

Petavel’s Optical Indicator See “Pies 
sure, Measurement of,” § (19) 

PETROL ENGINF, THE WATER-COOLED 

§ (1) Introductory — The petrol engine has 
now (1921) reached such a state of develop- 
ment that its peiformance approaches veiy 
closely fco that possible with the Otto cycle, 
using petrol as fuel 

At the present time brake mean piessures 
of the order of 130 lbs pei qq m aro not 
uncommon 

In cases where high speeds can be employed, ! 
outputs of 38 brake horse-power pei litre of 
piston displacement have been attained 
As legards thermal efficiency, a numbei of 
engines have realised indicated thermal offi- 1 
ciencies, relative to the air standard efficiency 
for the compression ratio employed, of 67 
per cent 

By careful attention to the reduction of 
mechanical losses, particularly as regards 
piston friction, the mechanical efficiency of 
modern engines has been raised to the 
neighbourhood of 90 per cent even in engines 
running at moderately high speeds 
In considenng the output of an engine m 
terms of brake horse-power per litre the curve 
shown in Fig 1 may be useful as giving the 
brake mean pressure required to produce one 
brake horse-power per litre at various speeds 
from 1000 to 5000 revolutions per minute 
For example, at 4000 rpm an engine 
giving 36 b h p per litre would require to 
develop a bmep of 3 25 x 36 = 117 lbs per 
sq m 

On examining the conditions governing the 
power performance of petrol engines it is 


P 


obvious that foi a given spood of totation 
the chief factms are 

1 Indicated tlioima! ofikioncv 

2 Volumotnc efficiency 

3 Mechanical efficiency 

In other words, the brake output of the 
engine depends on burning the charge to the 
best possible advantage , burning the greatest 



TOOO 1500 2000 2500 3000 3500 4000 4500 5000 

Revolutions pci mimiLo 
Fig 1 

possible weight of charge per stroke, and 
lastly, wasting as little indicated power as 
possible m moving the parts of the engine 
and m carrying out the various functions 
mheront m the cycle of operations 
§ (2) Indicated Thermal Efficiency 
With regard to the Inst item, Timid and 
Pye 1 have shown that, taking into account 
dissociation and change in specific boat, the 
limiting indicated efiieionoies possible with the 
Otto cycle, using a hydrocarbon iuol such as 
petrol, and assuming no heat loss to tho 
cylinder walls cluimg combustion and expan- 
sion, are as given m column 3 ot Tablo 1 
This table 2 shows, m column 1, tho venous 
compression - expansion ratios considered , 
column 2, the air cyole offioionov for each of 


April 1921^° W0 ™ En ° weer > February, March, anil 
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the iatio s m column 1, column 3, Tizaid 
and Pyo’s ideal indicated efficiencies, taking 
account of losses due to dissociation and change 
in specific heat but taking no account of losses 
duo to dn eel passage of heat to the cylinder 
walls , column 4, the highest attainable in- 
dicated thetmal efficiencies, assuming “that 
tho combustion chamboi is designed to allow 
ot tho minimum xiossible heat loss, that the 
cylindoi is of oompai atively large capacity, 
and that tho i evolutions aie not less than 
1500 i pm ” Column 5 gives the actual 
mduatod thoimal efficiencies obtained in a 
HptHiai vauable compression engine designed 
by Ru at do, a description of which will he 
found m ICngitieo) inq, September 3, 1920 
10 will bo obsGived that tho difference he 
tween columns 1 and 5, indicating the margin 
lomammg foi impiovenient, is veiy small 
r Fhe values foi efficiency shown m Table I , 
both those which have been calculated and 
those which weio obseived, aie foi a homo 
geneous mixture of an and hydrocarbon 

vapoui 

Table I 


ance to detonation Some data relative to 
this characteristic are given later 2 

For any given fuel, however, there is a 
number of factors which conti ol the maximum 
compression ratio which can be usefully em- 
ployed The most important of these factors 
is the form of the combustion space To 
have the minimum tendency to detonation the 
combustion space must be compact, of good 
depth with respect to its diametei, symmetrical 
and free from shallow pocl ets or any cavities 
m which portions of the charge can become 
moie oi less isolated 

The location of the igniter is also of consider 
able importance It has been shown " that 
when the igniter is situated on the opposite 
side of the combustion space to the exhaust 
! valve, so that the portion of the charge m the 
vicinity of this valve is the last to burn, 
the tendency to detonate is increased, and the 
limiting useful compression ratio is cunse 
quently reduced 

Given a combustion space having the 
attributes set out above, it w as found that the 
highest compression ratio giving 
freedom from detonation for any 


1 

1 \ pan fi luu 
ltaUo 

2 

G l-(l/l) 04 

3 

E- 1— (1/7 )0 
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Otiser* ed 
Results V triable 
Compression 
Engine 

4 0 

0 4250 

0 336 

0 296 

0 277 

4 5 

0 4521 

0 359 

0 314 

0 297 

5 0 

0 4747 | 

0 378 1 

0 332 

0 316 

5 5 

0 4944 

0 396 

0 348 

0 332 

0 0 

0 51X0 

0 411 

0 361 

0 346 

(t 5 

0 5270 

0 424 

0 375 

0 300 

7 0 

0 5398 

0 437 

0 386 

0 372 

7 5 

0 5531 

0 449 

0 396 

0 383 

8 0 

0 504.7 

0 460 

0 406 



Either by employing a stiatified charge 1 
ol by the burning of certain fuels, giving 
by either means a lower mean temperatuie 
to the “ cycle, a highei efficiency can, both 
thorn idle ally and experimentally, be obtained 
Tho Ihemotieal indicated theimal efficiency 
at tho Otto eyclo is given by the formula 
K 1 - (1/>) 7 ~ J > wdioio 7 is tho compression- 
ex naiiHion iatio 

It is evident that the huger the number ot 
expansions the greatoi will bo the theoretical 
thermal elite icney, and following on this 
t otiKidemlion evoiy opportunity is taken m 
pi action to niiso the expansion ratio, and 
theioluio not essarily the compression ratio, 
to tho maximum value which tho fuel will 
beat without detonation 

The fuels whreh can be employed m a 
potiol oiigmo (mdudmg mombers of the 
lMiraltiu Kiouj>, the aromatics, anil the alcohol 
gioup) vaiy voiy oonsidoiably in their resist- 
1 See Automobile Jttnyineer, June 1921 


particular fuel was reached by 
employing two sparking plugs 
located on opposite sides of the 
combustion space 

If a combustion space is of 
such foim that a portion of the 
charge can become in some 
degree isolated from the mam 
portion, it is found that the 
tendency to detonation ib greater 
than with a compact space A 
reasonable theory appears to be 
that, smee the isolated portion 
does not become ignited until 
late in the process of combus- 
tion, there is a tendency for it to he raised 
to a high pressure and temperature before 
inflammation owing to its compression by the 
general rise of pressure m the cylinder, 
consequently, when the Same finally reaches 
this umgmted gas, the conditions are favour- 
able for its detonation 

Apart fiom the mcreased tendency to detona- 
tion, the existence of cavities or pockets m 
a combustion space involves thermodynamic 
losses, Giving to the chilling of the charge 
during inflammation, which may lead tu in- 
complete combustion, and m anv case mus 
cause greater direct heat loss to the 

The next most important item controlling 
the compression ratio is the temperature o 
the charge after compression 

It has been clearly established that if the 

A ^ U S? e T ff m,m W , Scptenibi r 3 uid 10, 1920 
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charging temperature is laised the tendency 
to detonate is mt leased In older to lun 
with freedom fiom detonation undei sueli 
conditions, a lower compiession latio must be 
employed than is possible with a lowci charging 
tempo latuio using the same fuel 

As being closely connected with the charging 
tempeiatuie, and to a huge extent influencing 
that temporatuiG and theiefoie the temper a- 
ture reached after compiession, it must he 
lemombered that the charge fiom the time it 
enteis the cylindot until ptobably well into 
the compiession stroke is absorbing boat 
fiom the cylmdoi walls, piston, and valve 
heads 

In this connection the use of aluminium 
alloys foi pistons has had a most important 
influence m enabling higher compiession ratios 
to he employed, owing to the bottoi heat dis- 
sipation fiom the centre of the piston ciown 
due to the higliei conductivity of aluminium 
as compared with cast non and stool 
With regard to valvo head tompeiatiues, it 
is often desirable to employ multiple exhaust 
valves m older to limit the sr/e of the valvo 
and thus ensuio bettei cooling of the head 
An important factoi in 1 eclucmg the tend- 
ency to detonation is the provision and 
maintenance of an adequate dogioe of tuibu- 
lenco of the ehaigo Whore a sufficient degree 
of tuihulonce is* piosetvecl thoie is less 
opportunity foi any portion of the charge to 
remain m contact with highly heated surfaces, 
such as the head of an exhaust valve, for 
sufficient time to be laised to the critical 
teraperatuio at which it will tend to detonate 
Apait fiom this point of view, it is of the 
utmost importance that a high degree of 
tuibulenco should exist m the combustion 
space at the moment of ignition, foi the puxpose 
of ensunng sufficiently rapid spieacl of in- 
flammation to enable the combustion to he 
completed m tho limited time available m 
high speed engines 

If if wei e not for tho oxistonc o of turbulence 
it would be impossible to urn engines at tho 
high speeds now common Tho time of pres- 
sure use m a stagnant mixture is many tunes 
that available for the entuo cycle m a petiol 
ongme of even moderate speed 
Tuibulenco has a furthei valuable olloct in 
that it tends to ensure uniformity of mixture 
stiength thioughout tho char go by breaking 
down zonos of rich and weak mixture 
It is obvious that a combustion space which 
has tho attributes already mentioned will be 
favourable to tho maintenance of the initial 
turbulence ausmg from tho entry of the chaige 
at high velocity past the inlet valvo 
§ (3) Volumutrio Efficiency — With ic 
gaid to volumetric efficiency, it is impoitant 
to hoar m mind that it is tho weight and not 
merely tho volume ol the fresh ehaigo which 


conti ols the powoi output fiom a cylinder 
of given swept volume 

This being the case, it is obvious that two 
conditions must bo fulfilled to obtain a lugh 
volumetric efficiency In tho fust place, every 
endoavoui must bo made to enable the c yhudei 
to fill up as noaily as possible to atmosphone 
ptossuie, and secondly, the tempm atiuo of the 
ehaigo must bo kept as low as possible 

In ouloi to fulfil the lust condition it is 
essential that tho resistance ofloiod to tho 
inflow of the charge shall bo kept low by tho 
use of moderate gas velouiies, proper stream 
lining of the ports and mlot valvo bond, and 
the use of a valve-opening ctuigiam in i elation 
to piston velocity which shall give the greatest 
possible area foi flow at tho latter end of 
the charging period with a sharp out oft at 
closing 

The most difficult part of tho (list condition 
to fulfil m piaetuo is the provision of a largo 
inlet area at tho end of the charging polled, 
with a lapid cut off, and this difficulty is very 
greatly accentuated m engines intended to run 
at high spoods A method of achieving this 
lesult without having xosouico to abnormal 
acc dotations in tho valvo operation is the 
method of masking tho fust and last pm turns 
of tho mlot valve travel devised by Ricardo 
In employing this dovic o tho head of the valve 
is arranged to act as a piston valve when 
near its seat, thus giving shaiply defined open- 
ing and closing ponds and allowing ample 
time to soat tho valve m a comparatively 
loisuioly manner. 

With regard to the second condition, it lias 
been found 1 that tho power output si caddy 
Calls with addition of boat to the incoming 
ehaigo at the rate of approximately 1 per cent 
foi every 3° 0 use m mlot tompoiatuio It 
is clearly desirable, therefore, to limit the 
preheating ol the charge to the minimum 
winch will ensuio satisfactory distribution* 
The toim distribution is here used m the sense 
of uniformity of* mixture strength of the 
chaigos supplied to tho cylinders ol a group 
led from a common caiburottoi 

In connection with tho subject of preheating 
tho ehaigo bofmo iIh entry into the cylinder, 
it must bo lomomboiod that petrol and the 
other inflammable volatile fluids have considoi 
able latent boats oL vaporisation. Complete 
evaporation of tho petrol, m a mixtuio of 
such pi opoitions as will give just complete 
combustion, lowers the temperature of the 
mixture by about 18° 0 It follows, therefore, 
that if suitable arrangements ate made to do 
so, it is possible to improve appreciably the 
volumetric ofliciency by making use of the 
latent heat effect to cool tho incoming charge', 
and thus to increase tho weight of charge 
taken into tho cylmdoi 

1 Sco finouwrwfi) Beptoiiffioi 3, 1030 
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Bearing the above fact m mind, it ih clcaily 
dean able liom tho point of view of power to 
lestuct pielieatmg as much as possible, and 
to endeavour to make use of tho latent heat 
of the fuel to offset the unavoidable use m 
temperature undergone by the cliaige aftei 
its entiy into the cyhndoi and bofoio mi\mg 
with the lesidual exhaust This use of 
tempeiatuie duo to absoiption of heat fiom 
the piston, valves, and walls alone is estimated 
by Ricaido to amount to about 50° 0 

In taking advantage of the latent heat of 
the fuel to increase the volumetric efficiency, 
it must bo lemembeied that any evaporation 
wlncli takes place aftei the inlet valve has 
closed has no effect on tho volumetne 
ofhcioney 

Tho use of a fuel having a high latent heat 
m conjunction with tho minimum of pre- 
heating which will give good distribution and 
ensure efficient combustion, has tho additional 
advantage of lowonng the mean and maximum 
temper atuies of the cycle, with a consequent 
i eduction m tho losses due to change of specific 
heat, dissociation, and dnect heat loss It 
has tne effect also of reducing tho duty thrown 
on tho cooling anangoments, which is an 
important advantage m the case of an -cooled 
engines 

§ (4) Mechanical Efficiency — With le- 
gal d to the remaining factoi controlling tho 
brako power output fiom a given engine 
capacity, namely, mechanical efficiency, it is 
clear that largo rubbing aieas, heavy meitia 
pressures, and high pumping resistances axo 
the eluof causes of negative woik m a i>otrol 
engine 

The greatest loss, amounting to some 50 
jiei cent it) 00 poi tent of tho total mechanical 
losses, almost invariably arises fiom tho 
piston, and is chiefly caused by tho shoanng 
of laigo aieas oi paitiaily decomposed oil 
film while undot 'pressure In oulcr to limit 
tho lateral thrust of tho piston at high speeds 
it is clearly necessary to i educe as much as 
possible the looiproc ating mass foimod by tho 
piston and small end of tho connecting rod 
Tho use of aluminium alloy pistons has enabled 
designers to fulfil tho requirement of providing 
adequate heat conduction from tho centre of 
the piston crown with a moderate piston 
weight 

A largo source of faction m many piston 
designs is tho use of heavy piston ring pressures 
There appears to bo no advantage m exceeding 
fiom seven to eight pounds per square inch 
pressure botweon the ung face and cylinder 
wall, and those relatively light angs give 
entnely satisfactory lesults provided tho angs 
ai e adequately shielded from tho maximum 
explosion pleasure by the piovision of a deop 
top land 

If the toj) land is of insufficient depth, or, 


being of adcquitc depth, there is excessive 
cloaiancc between it and the cylmdci wall, 
it is found that light piston rings will allow 
tho gases occasionally to blow past Tho 
explanation appears to be that piston angs 
depend foi then gas tightness to a laigo 
extent on gas pressuio behind the ring foicing 
the rubbing face of the ling into intimate 
contact with tho cylinder boro In tho case 
of an insufficiently shielded ung the lapidly 
apphed high pressure which occur 9 on ignition 
foices tho ang hard against tho lower face of 
tho ring groove before the gases have had tune 
to act on tho back of tho ring In this condi 
tion the ring rs clamped against the lower face 
of its groove and only exeits its mheient 
spring pressure against the cylinder wall, 
which pressure is insufficient to pi event tho 
gases from blowing past tho rubbing face of 
the ring 

Next to the piston loss m importance 
comes the loss due to filling tho cylinder with 
fresh mixture and exhausting the products 
of combustion Owing to the fact that the 
exhaust is loloased at a substantial pressuio, 
the woik thrown on the piston m clearing 
the cylinder is usually small as compared 
with the work expended by tho moving 
system in starting the fresh charge into 
motion and drawing it mto the cylinder 

In a well - designed cylinder having ports 
propeily stieam lined and an inlet gas velocity 
of fiom 120 to 130 feet pel sec , the pumping 
loss should not oxceed fiom 3 to 3 5 lbs 
per square mch piessrue on the piston The 
primping losses rise rapidly with increase of 
gas velocity, and at 200 feet per sec amount to 
about 7 5 IDs pei squaio inch 

Tho romaimng mechanical losses include 
bearings, camshaits, and auxiliaries, such as 
magnetos oil and water pumps, and, in tho 
case of automobile engines, the radiator fan 

The bearing losses mcroaso slowly with 
speed, tho rate of increase being influenced by 
the loadings thrown on the boaungs by tho 
inertia and contufugal forces and by the 
me Tease m oil-shoaung resistance with speed 

Tho losses due to tho water and oil pumps 
can with unsuitable design use to a high 
figure ai/ high speeds, but with good design the 
losses duo to beanngs, camshafts, and auxili- 
anos together amount to between 1 75 and 
2 5 lbs por squaio inch on tho piston at speeds 
of tho order of 1500 i p m , the fmmei lrgure 
applying to a laigo engine with light reciproeat 
mg paits and the latLei iigme to one with 
relatively heavy parts 

In aoio engines having propeller reduction 
gearing, a further loss occurs m this gearing 
In a good example of epi cyclic gear the loss 
amounts to fiom 1 5 per cent to 2 0 per cent 

§ (5) Duels —With regard to the subject of 
fuels and their behaviour m petrol engines, 
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tho xeaclei may lofei to the publications given 
in the footnote below 1 

Eoi the purpose of classifying them with 
respect to then lolative lesistance to dotona- 
tion Ricaido has compaied a large number of 
fuels using toluene and an aiomatio - fico 
potiol as the basis of companson Taking the 
effect of toluene as leproseuted by 100, and 
that of aiomatic-ficc potiol as being zero, 
the following table gives the values for the 
fuels mentioned 


Toluene Valufs 


Tolu< no 

-| UIO 

Bon /one 

+ IH» 

Xylene 

-1- M 

Ethyl alcohol, 

‘10 l)< 1 

emit 

1 101. 


Acetone ~) 75 

Cyclohexane -} 80 

Caihon bisulphide 4- 10 

Methyl nun captan +5 to 10 
K tli oi — 00 


§ ((>) Water - cooled Engines (i ) The 
RolU-lloijce JUtu/la — The following dcscuptions 
and illustrations will givo some idea of the 
tiond of modem practice m watei cooled potiol 
engine design and of the pciforaiances obtained 
fiom the engines dc seabed 

'The hist deseiiption is that of the Rolls 
Royeo “Eagle” aeio oiigmo, which has been 
largely used by the Batish an seivice 

Tlie “ Eagle ” engine has been built m 
eight senes, and the piesent deseiiption 
deals with the Sums Eight model All the 
series embody the same mam fcatuies, tho 
differences between the different scries lying 
chiefly m such details as compression ratio, 
number and size of carburettors, arrangement 
of induction system, number of magnetos, 
and ratio of propeller icduetion gearing 
Tins ongmo has twelve cylinders of 4 5 in 
hoio and 0 5 m stioko an ringed m two hanks 
of six at an angle of 00° 

Tho cylinders uio all independent of ono 
another and are of the built up type, having a 
baud and head machined from a steel forging, 
to winch a pi essed- stool jacket is welded 
Upon the head of tho oylmdei body sockets 
are burned into which hoods aio welded to 
form the miet and exhaust passages aud to 
carry tho valve guides One ruled and ono 
exhaust valve is provided per cylinder. 

Projections formed upon the hood soive to 
cany sluds by which the uveihead camshaft is 
attached to Urn cylinders 
Stool flanges carrying foul studs aic seiewed 
on to tho ends of the hoods and servo for tho 
attachment of tho inlet and exhaust manifolds 
The two s jan king plug bosses arc screwed 
and welded into the cylinder crown, and are 
located ono on tho rear side of tho inlet valve 
and the other on the for waul side of tho 
exhaust valve 

Tho water jacket is in two parts welded 
togotliei by a longitudinal scam and attached 

1 Hoc Proceed) nff h of iho Hanoi Aeronautical Handy, 
1021, and Automobile Enuinecr, February, March, 
ApUl, May, June, July, and August 1921. 


by welding to the cylinder body 
at the lower end of the baircl an< 
on the ends of tho valve hoods 
A watei inlet pipe is welded i 
side of the jacket at its lowest \ 
outlet pipe at the uppoi end of t 
of the jacket 

Tho cylinders aio spigoted into i 
and aie provided at then lower e 
deep bosses which aio tied toget 
bottom, by squaie flanges all mill 
sohd The cylinder holding dew 
through these flanges and bosses, 
mg a light consti notion and talar 
duo to gas pies&uies fiom tho cy 
points on tho banol 

Both the valves are of tho “ 
and work m long phosphor hi 
tajiered externally wlieie they 
valve hoods 

Shoulders aio provided on tl 
support the stationary spung < 
tako a long bear mg on the oi 
guide The ends of tho valve si 
vided with hardened steel plugs 
valve lockcis hear, and aie pio 
screw tluead by which the upper 
and looking nut aio seemed to 
cottoi pm passes through the m 
haidenod plug 

Two spiings of opposite hand 
for each valve 

Tho pistons aio of aluminium 
“ Zephyi ” typo and cany fou 
nags upon tho uppci skirt and 
sctapoi ring upon tho lowoi skirt 
Tho gudgeon pm is hollow one 
directly m the aluminium pist 
which it is located endways b 
ono end and a bai earned by 
othoi end One end of this l 
lecoss m the piston and prevent 
pm fiom turning 
Tho connecting iods aio of I 
small ends of both iods and tl 
end of tho articulated xod bom^ 
phoaphoi hi ouzo 

The articulated iod is anehoi 
tho leading sido of tho master 10 
Tho big end is lined with wh 
dnoctly into tho iod, m which tl 
gioovcH aio provided to ictai 
Tho big end caps aio stopped 
iod and aie seemed by Joui 
liners aio fitted between tho et 
facilitate the fitting ol the 
small end bearings are lulmea 
strapped along the shank of the i 
oil fiom tho big end and am 
respectively 

Tho crankshaft is hollow tl 
boros being dosed at tho ends 
conical plugs hold m position 


600 


PETROL ENGINE, THE WATER-COOLED 


the f 01 ward end a large flange is piovided to 
cany the annular wheel of the piopeller 
reduction gear, and at the rear end a flange 
is formed to which an extension is bolted 
This extension caines the skew - geai wheel 
by which the auxiliaries are driven 

The ciankshaft is supported m seven plain 


suiface of the crankcase, thus i cheving the 
aluminium webs of the top half oi the taso 
fiom explosion stresses 

The aluminium alloy tiankcaso consists of 
foul main paits as follows A main portion 
cairymg the cylinders and uanksliaft, an oil 
sump, a xear poition containing tho goius 



Jfia 3 


bearings, comprising bronze shells hnod with 
white metal The shells have no flanges and 
are prevented from turning by thick bionzo 
shims, and are located endways by a dowel 
in the cap and an oil-nipple m the top 
half 

The mam hearings are entirely independent 
from the lower portion of the crankcase and 
are supported by steel caps held to the top 
half by long holts passing up to the upper 


which drive tho camshafts and auxiliaries, 
and a nosepioco which contains tho opieyoho 
reduction gear and tho piopelloi shaft 

The mam portion is (loop and well sti Honed 
by tiansvoise wobs in which tho (outro and 
intermediate wobs aio supported, Tho two 
end mam bearings are carried in tho end walls 
of the mam portion 

Along the outside of the mam portion a 
longitudinal flange is provided at the crank- 
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hli.iH lovol in Hiiltun the ease against houzonUl 
iou'<s 

The engine is auppoitod by four detachable 
beai ei loot, oa< h of which is secured to the mam 
pmtion ot the ci ankoaso by foui bolts which 
,uo icluvod fi om slieai stiess by honzontal 
tongues engaging giooyeb m the ciankca&e 
J^iuh (‘yhudoi ih seemed to the crankcase 
by ft an studs, winch aio provided with midway 
jflangoH The studs aie sciewed into holes 
m the ease and aie looked by nuts on the mside 
ol the taso By this means the studs are 
securely h\od m the ease without lelymg 
until ely on He tow thioads m aluminium 
r rhe sump is soouicci to the mam poition by 
numeious studs, closely pitched, m order to 
ensuie a good union between the two parts so 
that llu sump shali contribute to the stiffening 
o( the main portion The sump is biaced by 
two trails vo isc woba A detachable suction 
tiltin’ is piovidod at the lowest point of the 
sump 

The Jem poition of the ciankcase is attached 
jiailly to the main poition and paitly to the 
sumji 

The mam duvo for the camshafts and 
auxiliaries compusos a skew wheel of sixteen 
teeth, earned by a transveisc shaft, fiom 
the ends of which one £)au of magnetos is 
dnven 

The hovels chiving the inclined camshaft 
dm os have twenty teeth and aie mounted 
on the transveisc shaft by moans of soirations 
A spur wheel is mounted upon the hub of the 
right hand hovel am l engages an ldlo wheel, 
which m turn <1 lives a spui wheel of the same 
si/e as the hrst This last spui wheel is 
mounted oil a second tiansveiso shaft, fiom 
l ho ends oi wlueh 1 ho second pan of magnetos 
is dnven An air-pump foi supplying air 
to the petrol tank and this engine tachometer 
ate both driven limn this second shaft 
The twenty-tooth bevels engage tlmty-tooth 
wheels earned by short hollow shafts mounted 
m be.u mgs earned by the mam portion of the 
crankcase 

Those short shafts arc internally seriated 
at then uppei ends and the smaiions engage 
serrated sleeves attached to the lower ends 
ot (he inclined camshaft duvo shafts The 
upper cuds of these inclined shafts aie inter- 
nally seriated and engager the serrated ends 
ol short shafts on the upper, ends of winch 
twenty live tooth hovels are mounted These 
hovels engage fifty-tooth bevels seemed to the 
eunmhuftrt by cones and keys 
An unusual J'eatuie of those engines is the 
use of a spring drive between the ei ankaliaf t 
and the whole of the auxiliaries and camshafts, 
m order to protect these parts from any 
toiHional oh< illations m the eiankshaft 
The spring duvo is incorporated between the 
first skew - gear wheel and the crankshaft 


extension, upon vlnch the foiniei jotutdhn 
mounted The emulations of the & p M g dm e 
are damped by means of a mulfiplite brake 
The camshafts are suppoited m three-mrt 
bronze casings, which aie mounted on the 
cylinders by parrs of studs earned In the 
eyhndei heads * ine 

The hollow camshafts vuth integral cams are 
supported by five plarn bronze beannas m the 
camshaft casrngs, the thrust of the' dnvinv 
bevels berng taken by ball- thrust beannv* ° 

The valves are operated by rockers clrrred 
by the camshaft casing and are provided with 
rolleis to engage the cams 
The valve clearance is adjusted bv placur 
shims between the rocker and the head of the 
screw which contacts with the valve stem 
The valve timing is as follows Inlet opens 
10° after top centre and closes 54° after bottom 
centre, exhaust opens 54° before bottom 
centre and closes 10° after top centre 
Mixture is supphed to the evlmders in groups 
of three by four Bolls Boyce Claudel Hobson 
cai burettors placed m pairs at the ends of the 
V formed by the cylinders The bend uf 
the induction pipe connecting the carburettor 
to its manifold is water-jacketed 

In order to facilitate starting, the manifolds 
are provided with nozzles to enable petiol 
to be sprayed into the induction system by 
means of a hand-pump 

The carburettors are fitted with Messrs 
Bolls-Boyce’s altitude control, consisting of a 
fluted needle valve situated between the float 
chamber and the jet well 

The cylinder cooling water is circulated by a 
centrifugal pump, which is dnven at one-and- 
lialf times engine speed bj a shaft and a skew - 
gear wheel, which engages the skew wheel 
mounted on the crankshaft and o£ie rated bj 
the sprmg drive 

The engine is lubricated under a pressure of 
from 35 to 45 lbs per square inch by means of 
a gear-type pump driven at reduced speed bv 
means of an epicyclic gear 

This gear is dnven by a shaft carrying a 
skew-geai wheel meshing with the crankshaft 
gear wheel 

Above the pressure pump and coaxial with 
it a second gear- type pump, of laiger capacity 
than the pressuxe pump, is provided to 
scavenge the sump and return the oil to 
the leserve oil tank 

Two relief valves are provided and connected 
m series, so that a pressure of about 8 lbs per 
squaie mch is maintained between the valves 
This low pressure supply is employed to lubri- 
cate the camshafts, timing gears, and propeller 
reduction geais 

The piopeller reduction gear is of the 
compound epicyclic type, in which an annulus 
gear, mounted on the forward crankshaft 
flange, engages planets earned by the propeller 



shaft, these planets m turn engaging 
stationary sun wheel secured to the nosepiece 

There are tlnee pairs of planets, each pan 
comprising a w r heel engaging the internally 
toothed annulus and a pinion engaging the 
sun 

In its original foim the sun - wheel was 
anchored by means of an Oldham coupling, 
but m order to relieve the gear fiom any 
abnormal torque variations Messrs Rolls- 
Royce have recently employed a fuction 
anchorage for the sun wheel, so that this 
member may rotate slightly when the tofque 
exceeds a certain value The friction anehoi 


age is provided by means of a multiplate 
clutch (see power view, Fig 2) 

A noticeable feature throughout these 
engines is the use of relatively fine serrations 
m place of keys, and as spanner holds m place 
of hexagons and squares 
The graphs ( Fig 4) give the brake perform- 
ance based on the average of several hundred 
engines of this type 

The indicated performance has been obtained 
by calculating the mechamcal losses, by the 
method employed by Ricardo, 1 and adding 
these losses to the brake mean pressure, thus 
enabhng the mechamcal efficiency to be 
arrived at The mechamcal efficiency of the 
propeller reduction gear has been taken as 
1 &ee Automobile Engineer, July 1916 


99 pci cent at IhOO i pm, 98 5 pm <*out at, 
1800 i p m , and 08 pel tent at 2000 i p m 
(ii ) The \ a in hull Engine - The following 
description icfeis to the 20 98 h p V auxhall 
engine as fitted m the fast touting c at t lutssis 
produced by Vauxhull Motors Ltd* til Luton 
This engine has been developed to mod the 
requnemonts of fast tmvel on the load, and 
although capable of propelling a suitable ta< mg 
chassis at speeds c\t ee< ling 100 nultH per hum 
on the tiaek it is iu no sense a fictile design 
The engine lias tom oyhndois of 98 mm 
boie and 150 mm stroke, giving a piston 
displacement of 4 5 likes 

The eyhndoiH aio of 
cast non and loim one 
monoblodv tasting with 
all the valves on one side 
of the engine 

The inlet and exhaust, 
valves are lot at oil in a 
side potkoi burning an 
extension of the combus- 
kon chamber, the axes 
of the valve stems being 
mi lined to the < vlmdoi 
axis at an angle in oj dei 
to allow tiuihiumt room 
lor the valve springs, 
while keeping the com- 
bustion chamber as com- 
pact as possible with tins 
typo of head 
The valves ato both of 
2 m diameter nr the 
throat The mater ml 
used foi the inlet valve is 
2 per cent mekol steel 
( ase - hat doned all over, 
and foi the exhaust \aho 
li pel eont cluommm 
steel Ovor each valve 
a bron/o cap m pro- 
vided Valve grades of 
bionsso ato employed* 
those guides having suit- 
able soatmgs foimod on thorn to carry the 
uppei end of the valve spungs The lower 
end of the valvo spang is held by a light, 
steel ouppod carrier which is attaching to the 
valve stem by moans of a pan of externally 
coned cotters, winch engage in a zgpphh turned 
on the valve stem 

In the ciown of oacli cylinder a Inon/o 
fitting is provided to cany a sparking plug 
and to close tho opening m the water junket 
through which the jacket core sand is removed 
This fitting is scr owed into tho cylinder or own 
and passes through a large recessed washer 
which rests on a lacing on the jacket and 
serves as a gland box to contain packing 
compressed by a gland and nuts earned 
by the fitting By the uso of this eon- 
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Htiiuliou a watei tight imnt is ensuied bosses as v ell as m the small end of the tun- 
vviMioui Htiaimng the walls of the cylmdei nectmg lod Slippei surfaces of unequal aica 
head ure used, the laigei suifices being on the &ide 

On the wide of the cylinder block lemote subjected to thrust dunng the working stroke 
iiom tlie valves a longitudinal passage is Considerable advantages art gained by the 
(asl which communicate* with two passages use of this type of piston, both as xegards 
passing within the watci jacket between mechanical efficiency and oil consumption 
t yhndeis 1 and 2, and 3 and i icspectxvely The recipiocatmg mass can be kept very small 



to (Uiivgy imvlui'o to tho inlet valvoa ou tho 

OllU‘1 Hlllc of till* llloik 

Tim ciu Iioi'oUoi employed in an aero type 
4H It \ Zenith and Ji uttaehed tluough a 
wilt el heated elhow to a hieing on the side 
„f the longitudinal [iiiHHiigo rideried to An 
o%le»iid pipe leads hot Water fi om the top 
I'Vhoder lil oi U to tho upper Hide of tlio olbow 
The tiwlotm lined in thin engine are Rieaulo 
alumnuum alloy Hhppoi piatoiw 1 giving two 
rings ami the gudgeon pm Iroe to rotate m the 

KM 7 ami Octobcn 1018 


owing to the elimination of much metal and 
the favourable disposition of that retamed 
Tho gudgeon pm is well supported close up 
to the sides of the small end of the 
rod, thus removing all danger of Ending, 
with consequent local overbading of the 
bearing surfaces Owing to its short length 
and good support the gudgeon pin can oe 
made S oonsiderably hghter than in the conven- 
tional trunk type of piston lujiddibon to 
small mass a further gam as regards meohameal 
losses results from the reduction of oil shearmg 
surfaces to the minimum required to deal with 
connecting rod thrust There appears to be 




604 


PETROL ENGINE, THE WATER OOO LED 


no doubt, as the lesult of extensive cvpen 
ments, that the shearing of oil films between 
piston and cylinder is responsible foi a laige 
part of the total piston friction loss It must 
be borne in mmd that the oil m question is 
laigely contaminated by carbon and gummy 
products resulting from the burning of the 
oil film dunng the working stroke 
The connecting rods are H section 3 pel 



F 

=3 

\ r=m ^ 

\ L * 3-- 

. • 


b~ 

J. 

r 

i 


-1 


Fin 6 


cent nickel steel stampings machined all over 
The small end is bushed with phosphoi bronze 
and the big end is lined with white metal 
cast direct into the rod Tins white metal 
is retained by two circumferential dovo- 
tailed grooves machined m the rod and cap 
By casting the white metal into the rad 
three advantages are gamed m the first 
hpa better thei ma! contact and consequent 
heat dissipation are obtained, owing to the 

f the f film unavoidably 

forms between a bronze shell and the rod , 


secondly, the w < ight oi (Ik ‘■hell u saved, uul 
tlindly, the hulk, and theretoio the weight 
of the big end, is tedueed The sauttg oi 
weight m the lug end is oi l he* utmost impoit 
ance m a high-speed engim , owing to tin 1 vei\ 
serious load imposed on this homing b\ 
coniiiftig.il force due to the rotating mass on 
the oiftnkpm 

At high speeds the toutrilugal load i, the 
hugest component ot (he 
lug oml load, and as d is 
always at ting m out' tints - 
turn, this heai mg at Inch 
speeds obtains no loltol to 
1st dit ate the ingress ot 
lulu u ant 

Run latlts art' pm\ idtsl 
to liold tiie lug ond cap to 
the uul 

The eianksimlt is sup- 
potted m li\o the east 
while-metal hearings sup- 
ported diuutiy m the 
uiankeaso without tht' list' 
of bron/e shells Tht' 
oraulvpinH anti mam 
jtmuials aie hollow, t lit* 
ends of tilt' holes being 
Idled by enps dmeu anti 
Holdert'd m position Holt's 
are < lulled m tht' huwaid 
well of each ciunk tlumv 
to tumble oil to pass bom 
the hollow journals to tht' 
uankpms 

At the fm waul end of 
the crankshaft a, silent 
oham pinion is ke\ed, and 
beyond the pinion a slt'o\e 
cairymg daws to engage 
tho s( aitmg luuicllo is 
pained to tint shaft The 
flywheel is bolted to a 
flange burned on the mm 
ond <d t h<s crankshaft, and 
immediately behind this 
flange an ml thrower m 
turned upon the shaft 
As will he seen fiom 
the sectional dialogs, the 
, , hearing surface provided 

tox tho crankpma and mam beai mgs is generous 
, caps t>f the mam beaungs art* sutiptnlod 
indopondontly of the wimp by means of Ion g 

ton bnT U< ' \ i r H " 1> / 0 11,0 r«l 0 of (bo 

top hall of tho crankcase, the head# of ibese 

o s being sunk m reoesHes It) leave a t loar 
aurfaco for the cylinder foot The one ol 
tiuough bolts in this manner is a veiy desirable 
practice as it transmits the bearing loads 
directly to the cylinder foot and avoids tin cads 

a.e omjToyod’ studs 
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The ciankoaso is of aluminium alloy and is 
split on the c 1 an kali aft axis The uppei half 
is provided with longitudinal flanges adapted 
to support the engine and is swelled out on 
one side to enclose the camshaft The bolt 
centie to centio distance between the beaiers 
is 17 75 m , and the depth of the top half of the 
crankcase fiom tlie enmkshaft axis to the 
cylmdei feet is 7 0 m The ciankcase as a 
whole is particularly lugged, and the top half 
is additionally stiffened by the monoblock 
cylinder nmt 

The sump selves as an oil rcseivoir and is 
dotar liable without disturbing the crankshaft 
m any of the working parts A hltumg tiay 
is provides I in the sum]) to liltei all oil which 
drams bom the cylmdei s and moving parts, 
and this tray slides 


the hXrand e t/th’ 1 tL C ° mmi l lmCatlni: ' ’ TOh 
tamed between the tvo pi, t ons “ S1UCf C ' m ' 

fr 0m v: - 

halSt" eSr lnt ° the " de ‘ jf 4 

On the up stroke of the iffun^r , ,i a 

Lnd fin kT 1 * Cyhnder th,ou § h ** t *U aTvc 
and fills the space belov the loi ei of the 

piston portions A certam amount ot ,fi 
flows back through the inclined hole* j „„ 
owing to the greatei resistance offered bt 
these holes as compared with the ic-i-tamV 
offered by the ball valve, a considerable 



cams mo integral 


with l ho camshaft and are of tho eeeontuo base amount of fiesb oil is drawn in on each up 
hi dn Ijpn Tho (suns operate cbroetly on stioke F 

rollers uuucd by tho valve tappets which A float carried on one end of a counterpoised 
work m bronze guides held m position m rocking lever is provided m the bottom of 
l ho top half of tin* ( make 'lino by dogs, each oi the sump to operate a rod projecting upwards 
whn h holdrt down two guides, through the engine- supporting flange to mdi- 

The elemunee between the tappet and valve cate the oil level 
stern is adjust ed by a set screw and lock nut The camshaft and magneto are driven by 

earned by the upper etui of tho tappet At moans of a silent chain, the tension of which 

tho real end of tho camshaft an overhung is adjusted by arranging the bearings of the 
emnkpm jh provok'd to operate the plunger spindle of the magneto chain wheel m eccen- 
oil pump and the air pump foi placing the trie housings The magneto is driven by a 
fuel tank under pressure, laminated spring coupling and is mounted on 

Tho ml pump consists of a long cylinder a platform in such a manner that it can 

earned by the top half of the crankcase and bo displaced sideways to accommodate the 

projecting down to neat the bottom of the movements of the spindle when the chain is 
sump, At I ho lower end of this cylinder’ a ball adjusted A pulley for a V belt to dnve the 
suction valve is provided Tho plunger has ladiator fan is mounted on the end of the 
two enlarged portions adapted to form pistons chain wheel spindle 

and pt ovided wii h ml- retaining grooves Tho Tho carbuiettor is a 48 R A Zenith aero type 
lower of those enlarged pistons is hollow, and The curves shown m Fig 7 give the brake 
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performance as obtained by Messis Vau\hall 
using a Froud water dynometer The mdi 
cated performance and mechanical efficiency 
have been arrived at by calculation by the 
method already referred to 

(m ) The Ricaido 150 hp Tanl Engine — 
The two engines already described lepiesent 
examples of the light type of relatively high 
speed petrol engine m which advantage is 
taken of special materials and a high lotational 
speed for the development of laigo powei 
outputs foi a low weight As contrasted with 
this type there is the relatively lowoi speed 
engine designed to develop a large toiquo 
at low speeds and to run at or neai its full 
load continuously foi long periods 

As illustrating tins lattei type, the wnloi 
has selected the Ricardo 150 h p Tank Engine, 
of which the following is a description (soo 
Figs 8 and 9) 

In considering this engine it must be borne 
m mind that its design was in many lespocta 
controlled by limitations imposed by the fact 
that it was required to be interchangeable 
with the 105 hp Daimler engine, previously 
used m the Tank service, both as legal ds 
length at the crankshaft centie line and over all 
width The depth below the crankshaft was 
also limited 

It was also required that a minimum uso 
should be made of special steels and aluminium, 
so that mild steel had to bo employed foi such 
parts as crankshafts, and aluminium only used 
for pistons and induction pipes 

The bore and stroke are 5 625 in and 7 5 m. 
respectively, and at the normal speed of 1200 
rpm the engine develops 165 b h p 
The six separate cylinders are of cast iron 
with large opemngs at the sidos, which are 
covered with steel panels screwed on This 
form of cylinder facilitates foundry work and 
allows the cylinder centies to be brought close 
together, thus shortening the engine and re 
duemg the bending moment duo to tho couples 
arising from each group of throe cylinders 
Smgle inlet and exhaust valves are provided 
m each cylinder, the inlet valve being arranged 
above the exhaust and opoiated by a rocker 
and push rod The inlet valvo seating is 
formed m a detachable housing so that the 
exhaust valve can be changed or ground m by 
removing the inlet valve and its housing 
As will be observed from the illustrations, 
very great care has been taken to ensure ample 
cooling of the exhaust valve by carrying tho 
water space all round the seating The stem 
is cooled by extending the water space as oloso 
as possible up to the valve head and by tho 
use of a bronze guide which assists in conduct- 
ing away heat 

The valves are made of 3 per cent nickel 
steel case-hardened all over The case- 
hardening provides a highly carbunsed surface 


which resists pitting and enables n phoHphui- 
biousro guide to be employed without mhU ol 
seizing 

Tho inlet valvo is “masked,” that m to 
say, it opeiates as a piston vnLo (lining I ho 
first and last poi turns ol its tiavel by cloning 
into a leeess foi mod immd tho vnho at at 
Tho tit of tho valve head into thus icons, is 
sufficiently close to pi event* any substantial 
How of gases past the vnho when the pic-muio 
difference on eithei side oi the head is small. 

The advantage ol “masking” is (hut. it 
enables tho pound between the valve having 
its seat and ietummg Iheieto to bo subslunti 
ally lengthened, wlulo employing a notmal 
valvo liming aH relent'd to tho points n{ 
leaving and ontonng the mask Tho lengthen 
mg of the pound dining whu h tho valve is oil 
its seat enables a voiy mptd cut oil to be 
obtained while using low aeeoloi alums, us the 
valvo can be slowly chopped on to its seal 
after it has onteied its mask 

As a tesult oi this nri alignment the valve 
can be held veiy neatly wide open until tho 
out dead centre is leached, and the gasci » m 
thou be rapidly out off by lowenng the valve 
into its mask (SmswlomLon of the valve 
opening diagram m relation to piston velocity 
will show that the gases have oMollent 
facilities foi Idling the cylinder at the end ol 
the suction stroke, 

Tho pistons employed on these engines aie 
of a typo developed by Mr Rush do and known 
as ei osh head pistons, bom the but that the 
side thrust duo to tho oonuootmg rod obliquity 
is taken on a cross head and guide, thus 
relieving the cylinder walls from all side toads. 

The piston is of aluminium alloy and eonsmts 
of a head eanymg tho rings and provided with 
a tubular extension on its uudmsnUs \{ tho 
lower end of this extension bosses aie bn mod 
to carry tho gudgoon-pm bushes, and suitable 
flanges are provided to locate a sleeve w hu h 
forms tho guiding member of the piston 

This sleeve is made ol east non and is 
secured to tho lower j as ton lluuge by 1 . 
headed bolts Tho sleeve works iu a guide 
lined with anti -friction metal 

Tho advantages of this form of piston aie 
that it gives a high moohametd efficiency and 
enables largo diametei aluminium pistons 
to bo employed witli complete absence of 
piston slap, 

Tho reasons underlying the immense m 
moehanroal efficient y due to the use of these 
cross head pistons aio as follows In piueti 
cally all internal combustion engines (he hugest 
mechanical loss is that arming hum the 
friction of the jus ton on the cylinder walk 
Xn spite of the fact that the bearing piesHiue 
per unit area and tho nibbing speed m the 
case ol a piston are m general lower than the 
pressure and speeds found in ordinary homings, 
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the friction arising fiom pistons is greater 
than m bearings It appears probable that 
this is due to the fact that m the case of pistons 
as ordinarily ananged the rubbing suifaces 
are lubricated with oil fouled by pai tides of 
caibon and gummy residues 

In the cross head piston the whole of the side 
thrust due to the obliquity of the connecting 
rod is taken by the cross-head guide, which is 
lubricated with clean, unfouled oil, and the 
head of the piston, carrying the nngs, is 
relieved of all contact with the cylinder wall 
Further, the reciprocating weight with the 
cross-head construction m aluminium is veiy 
considerably less than with a cast iron trunk 
piston, and is comparable with the weight of 
a light aluminium trunk piston of the same 
size 

The lubrication of the cross-head guide can 
be cojiious without any usk of excess of oil 
being passed to the boie of the cyhndei 
The lubrication of the rings is effected by 
providing holes in the cross head sleeve, which 
overrun the upper edge of the guide when the 
piston is near the top of its stioke These 
holes communicate with the mteiioi of the 
piston and allow oil to be diawn out and 
sprayed on to the cylinder wall by the partial 
vacuum caused by the upward movement of 
the piston Any fouled oil diaming from the 
cylinder bore can be led away and pioventecl 
from contaminating the oil m the ciankcaso 

The pistons are cooled by contact of the rings 
on the cyhndei walls and by the cnculation 
of an which is diawmmto the chamber sui round 
mg the cross head guides Tins air passing up 
under the pistons cools the piston heads, and the 
heat picked up by the air from the heads and 
guides warms the air before it passes to the 
carburettors which draw fiom the cioss-hcad 
chamber The heat thus picked up by the an 
is found to be just sufficient to supply the 
latent heat of evaporation of that poition o£ the 
fuel vaporised m the induction system on full 
load, and the extia heat picked up on reduced 
loads effectually prevents condensation of fuel 
m the induction system The circulation of 
air over the top of the crankcase prevents 
undue heating of this part by conduction and 
by radiation from the piston crowns 

It will be observed that the gudgeon pm 
is of unusually shoit length, and it might be 
supposed that wear would m consequence be 
excessive In practice it has been found that 
these pms are remarkably fiee from wear, for 
the following reasons The ends of the pm 
are supported m bosses which are situated 
relatively closely together, so that the tendency 
of the pm to bend under load is small, and 
consequently one of the principal causes of 
trouble with gudgeon pm beanngs is removed 
Further, the pm is free to rotate both m the 
piston bosses and m the connecting rod small 


1 end, so that tho nibbing speed in halved and 
local weal ivoided 

The connecting locls aio of mild stool lo 
m centxe to centio length, giving a aatio of 
connecting lod length to ciank tliiow ol 
4 2(> 1 Tho small end bush of bion/e is 
seemed m tho lod by swaging a poition of tho 
bush mto a slot founeti m the lop of tho rod 
The big end beaimg consists of«8> while metalled 
shell which is located m tho connecting md 
by means ol a pm passing thnmgli tho shank 
of the iod paiallol with tho oiankpin axis, 
and engaging m slots m tho tlangos of tho 
beaimg shell Tlio big oncl cap is seemed by 
foui bolts 

The eiatikeaso is of oast lion split oil tho 
eiankshaft avis The seven nankshaft hom- 
ings aio wlulo metalled shells suppoilod m 
tho lowoi halt of the ciankcaso independently 
of tho top half of the oiankcaso Tho bearing 
caps aio mild steed stampings lo wln< li the top 
half of the beaimg shells aio seemed by means 
of a stem formed on tho shell, passing through 
a hole m the cap Those stems are dulled up 
and aio connected lo tho oil - dislulmlion 
system, so that, they soivo the pui poses ol a 
bearing location and a connection loi the 
introduction of oil 

Tho object of supporting the mam beatings 
m the lowoi half was to enable tho etankslmlt, 
tho mam beanngs, ox tho top half to bet 
i ©moved without (hstuibmg the base which 
eamos the engine foot Any of the main 
beanngs can be removed and replaced without 
disturbing tho eiankshaft, by removing the 
cap and top half of tho beaimg and minting 
the lower shell round tho shaft 

Tho eiankshaft is a mild steel foigmg with 
solid journals and hollow eiankpms Tho 
outsido diameter of tho journals and mink pm 
is 2 875 m , and the boio oi the pms 1 4875 m 
Tho lengths of tho journals are flywheel end, 
4 0 m, foiwaid end and centre bearing, 
2 875 m , mtoi mediates, 2 125 m 

The flywheel is an iron easting 2(1 in m 
diamoter, belled to a flange burned on the 
crankshaft On the forward end ol Urn shaft 
a Lanchostoi vibration dampen’ is mounted 

Owing to tho limitation imposed on tho over 
all length of tho engine, tiro length of the 
journal and orankpm bearings had to bo 
restricted, and it w'as decided to favour the 
big end beanngs and to rely on tlm line of 
balance weights to leduec tho loading on the 
mam bearings, should it bo found necessary to 
reduce the load factor on these bearings owing 
to the poor wearing qualities of the mild steel 
eiankshaft which had to bo used, 

Tho lubrication is ananged on the dry base 
system Throe oscillating valvoless plunger 
pumps are piovidod at tho gear end of (he 
engine Tho plungeis aro all operated by a 
crankpm formed on tho ond of tho spindle 
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eunving the idle wheel connecting the crank - 
nluft [ union and camshaft wheel One of the 
pumps supplies oil undor pressuie to the 
disiulmiion system, and the other two pumps 
ictuin the used Qil to the external oil-tank 
An oil sump is pio\ided at each end of the 
base chamber Each of the scavenger pumps 
is emmet tod to one of the sumps, so that the 
ciank chamber is kept free from accumulated 
oil ovon when the engine is tilted through 
huge angles 

The distribution system consists of a pipe 
limning tlie length of the engine, inside the 
or «ink chamber, with bianch pipes leading to 
each mam bearing A relief valve is provided 
at the flywheel end of the mam pipe, and a 
bianch ib led fiom an intermediate point in 
tins pipe to an oil-piessuie gauge Oil passes 
liom the main beatings to the crankpms by 
way of inclined holes dulled tluough the 
crank webs to connect the interior of the pins 
with a liolo m the adjacent journal The 
exit holes m the ciankpms aro drilled at the 
Hide of the pins at the point of minimum 
loading 

Owing to tlio restriction imposed on width, 
all the auxiliaries wore grouped at the ends of 
the engine 

The auxiliaries consist of two magnetos, 
two governors, three oil-pumps, watci circulat 



mg pump, and an air-pressure pump for 
putting piessure on the petiol tank One of 
the go vt' i nojs controls the maximum engine 
H|)c<d, and the other was intended to open 
the throttle whon the speed dropped below 
100 r pm Tins lattei governor was subse- 
quently found to be unnecessary 

An interesting fcatiue in connection with 
the valve duvmg gear is the method of 


providing for adjustment of mesh of the idle 
wheel, by mounting it m a spider bolted to the 
end of the ciankcase so that its position may 
be adjusted 

Mixture is supplied to the cylinders by two 
vertical 55 mm Zemth carburettors, w hich 
nonnally draw the 
whole of their air 
supply from the cioss- 
liead cliambei A 
hand - adjusted cold 
nir supply is provided 
for use m veiy hot 
weather 

The performance of 
these engrnes is given 
in the accompanying 
graphs, which are self- 
explanatory It may 
be pointed out, how- 
evei, that as all the 
engines made were 
tested on swinging 
field dynamometers, 

the various frictional and pumping losses were 
easily ascertained under actual running con 
ditions as to temperatures by motoring the 
engine with fuel and cooling w r ater cut off 
The motoring method of ascertaining the gross 
mechamcal losses w r as checked by Morse’s 
method of cutting out one cylinder at a time 
while running under full load, and noting the 
drop in torque equivalent to the indicated 
power of the cylinder cut out 
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The following mean results were obtained m the 
last eight hours of a ten-hour test made on a standard 
engmo to establish a heat balance sheet 


BHP 162 9 

Fuel (lb per b h p hour) 0 554 

Brake thermal efficiency 24 7 p c 

I H P 187 0 

Indicated thermal efficiency 28 4 p c 

Indicated efficiency relative to the air 

standard 64 0 p c 

Ilcat loss to jackets (B Th U *s per hour) 418,000 
Heat to mdicated work 28 4 p c 

Heat to cooling water 24 9 p c 

Heat to exhaust, radiation, etc 46 7 p c 


The fuel used was Shell spirit, spg 0 725, lover 
hcatmg value 18,600 B Th U ’s per lb The air 
standard efficiency for the compression ratio of 4 34 1 
ib 44 4 per cent, and the mechanical efficiency 87 
per cent 

The following are some of the principal data ot 
these engines 


Number and arrangement of 
cylinders 

Boie 

(Stioko 

Compression ratio 
Normal blip and speed 

Brake mean pressure 


Six, vertical, 
separate 
5 625 m 
7 500 in 
4 34 1 

165 blip at 
1200 rpffl 
97 3 lbs sq in 

2 R 


vor T 
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Mechanical efficiency 

88 per cent 

Indicated mean pre ssure 

110 b lbs sq m 

Fuel consumption (0 730 s g spirit) 

0 636 pint 
b h p hr 

Brake theimal efficiency 

23 6 per cent 

Indicated thermal efficiency 

26 8 per cent 

Air standard efficiency 

44 4 per cent 

Relative efficiency (fuel supplied) 

60 4 per cent 

Gas Velocities {ft per sec ) at 1200 r pm 

Choke tube 

353 0 

Carburettor body 

168 0 

Vertical induction pipe 

165 2 

Induction manifold 

156 3 

Inlet poit 

109 6 

Inlet valve (ponod above mask) 108 3 

„ „ (total period) 

130 8 

Exhaust valve 

148 25 

Exhaust port 

110 3 

Exhaust bianch pipes 

140 3 

Exhaust manifold 

126 6 

Weight of piston complete with 

rings and gudgeon 

7 25 lbs 

Total reciprocating weight per 

cylinder 

10 82 lbs 

Weight per sq m piston area 

0 435 lb 

Mean inertia pressuie at normal 

speed 

33 3 lbs 

Weight of rotating mass of con 

nectmg rod 

7 13 lbs 

Total centrifugal pressure at 

normal speed 

1094 lbs 

Centrifugal pressure per sq m 

piston area 

44 4 lbs sq in 

Mean average fluid pressure, m- 

eluding compression 

43 0 lbs sq in 

Total loading from all sources per 

sq in piston 

109 5 lbs sq in 

Diameter of crankpin 

2 875 in 

Rubbing velocity of big end j 

(normal speed) 

15 04 ft sec 

Width of big end bearing (effective) 

2 25 m 

Projection area of big end bearing 

(effective) 

6 47 sq m 

Ratio piston area/projccted big end 

area 

3 84 1 

Mean a\ erage pitssure on big end 

421 lbs sq m 

Load factor on big end bcaung 1 

j330 lbs ft su 

ATE 

Phase (m Theimodynamics) ! 
dynamics,” §§ (28), (52) , “ 

See “ Thermo- 

Phase Rule,” 

MU 

PHASE RULE 

I Introduction 


§ (1) Introductory —Liquid watei may bo 
m equilibrium with its saturated vapour 
thioughout a wide range of temperature and 
pressure, but if one of these variables, let 
us say temperature, be fixed, there is only 
one pressure at which permanent equilibrium 
is possible At 0° C this pressures is 4 6 mm 
of mercuty, while at the standard boiling- 
point, 1 00° C , the equilibrium pressure is 
760 mm Again, at a certain temperature, 
a fraction of a degree above the normal 


fieezmg-pomt, ice, iv.it ei, and vapoui tan co- 
exist m stable oqiuhbnum undci the pmssuio 
of the vapoui at tbit tompeintine Hul, 
m this case, no vauation is possible at the 
triple point, with wo, uatu, and \apom 
m equilibiiurn, the tempeiatuio must be 
+ 0°006SC, and the ptcssuio 4 b mm of 
meicuiy If either tompeiatuie oi piessuie 
depait from these values, the equilibiiurn 
will be disturbed, and either i< e, watei, oi 
vapoui disap peal 

In these systems we have but one tow pound 
— watei substatuo, the themical compound of 
composition 1I 2 0 There aio tluee possible 
phases — solid no, liquid, watei, and aqueous 
vapoui The thumodynanue investigation 
of the phenomena of equilibiiurn between the 
phases m systems nl one oi mum components 
led Willaid Uibbs 1 to ioiniulato a simple 
law to winch is given the name oi tho Phase 
Rule 

§ (2) Definitions —in more complex sys- 
tems, wo may have oquilibiia such as that 
between calcium catbonatr* on the one hand 
and lime with carbon dioxide on the othei 
In this leaction 

OaCOj^OaO | (U>,, 

When tho velocity oi change in opnosiio 
directions is equal, we got tc[inhbiium ana- 
logous to that between watei and its satm atod 
vapoui Tho amounts of lime and cat bon 
dioxide on tho nght-hand side' oi the equation 
aio independent of each other Wo can 
bung mmo lime into the system from out side 
without changing the total quantity of oat bon 
dioxide tree and combined Lime and eat bun 
dioxide aio independent components ol the 
system But bunging in oi then lime oi cut lion 
dioxide or both ol them will nitei t fhe oqmh» 
bnum, and a change m the amount oi tab mm 
caibomito will be ptodueed lienee the 
quantity of eatumn carbonate depends on the 
amounts of hmo and cm bon. dioxide Cub mm 
caibomito is meioly a phase m equihbmim 
with othei phases It is not an mdep< mlent 
component of tho system 
Wo are now in, a position to ajipieciate 
tho moaning of tho following delimlions 
A Pluu sc is a mass chemically and physit- 
ally homogonoous, oi a mass of umimm 
concentration 

The Components of a phiwm or system are 
tho substances contained m it which aie of 
independently variable concern Latum 


II TuiURMODYNAMia Theory t) If TUI'] 

JT > Jf \HJfl RuiJS 

§ (3) Tins Ecmtcnum/M of Ihotjjtrmaii 
Systems— T ho Phase Rule earn be dodnrod 
from the two classical laws of thomiodyimmn s, 

1 Ami , 1875-78, li and lit : or 

xepimt of Willard (dbl)H' papers 
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which die themselves the expression of accumu- 
Irilccl cxpenerno m the observed phenomena 
ol the mutual transformations of heat and 
mechanical wotk 

LI heat and wotk are passed into a system, 
the hist law oi punuplo of conseivation of 
oucigy fells us that the gam, 5e, m the eneigy 
oi the system is equal to the sum of the heat, 
511, pasbod m (expressed in mechanical units), 
and the wotk, oW, done on the system If 
the only work involved is that done agarast 
a utuioim hydiostatic pressure, it may he 
wiiften as p8b, but, if othci forms of woik 
aie dono, we may express them all in gcnoial- 
ihcd to oidmaks as 1(X8i) y wlieie X denotes 
an mtensitv factoi, such as piessiuo oi electio- 
motive foue, and or the thango in a quantity 
i.tt toi such as volume oi (piantity of elcctncity 
Home the mciease in enoigy t>f a system 
wlut h takes m heat and woik may be written as 
3e=*3U+S(X5x) ( 1 ) 

The second law of thermodynamics leads to 
the concept of cntiopy which is such that 
the thango 8<f) m cntiopy when boat passes 
isothoimally and icveisibly into a system is 
o 1 1 j(), where 0 is the temperature, measuied 
on the absolute scale, at which the change 
occuis Uento wo get the relation 8K=08<p 
lor a levoiHiblo change 

It the change bo non-i evcrsihlo (eg if 
faction oi conduction of boat tliumgh finite 
tempoiatuio ranges oeom) the efficiency of 
the pi ot (‘ss is less, and the mciease m entropy 
is greater Thus foi non rovoisible processes 
8i\ " 05<() 

Now lot us substitute these relations in 
equation (i ) We get for leveisihlc operations 

8c~08<t>+^{X.ai) > - (n ) 

* 

and fm non loveisible operations 

8( 08<p t^(Xor) (m) 

II wo subtract limn eat h side 

8(0 <f>) - 08(f) -I- </>80, 

wo obtain the ocpiation and the inequality 

8(< - 0(f>)^ - (f>80 + L(X5r) (iv ) 

Let us suppose that wo keep the temperatuio 
constant, that is, that we deal with an iso 
thermal system Ninoo there is no change m 
() , 80 is zero, and wo get 

8p^(X8x), ♦ (v) 

whine p is wntten for c - Otf> t a quantity 
which will often recur m our investigation 
Wo can now see the physical significance 
of this (piantity 8f It denotos the total 
amount id woik, of whatever, kind, which is 
put info a system during a small reversible 
isothermal change m the system, and -dp, 
the decrease in the function i p, is the work 
which can bo obtained from tho system during 


such a change Hence p or its decrease is 
known as the free energy or the available 
energy, and is often w utten as A in chemical 
treatises 

If we restrict ourselves to operations earned 
out at constant \olume, or, m the general 
case, where any kind of work is done, to 
operations wheie theie is no change in a*, 

8x vamshes, and w e get 

(vi ) 

for reversible and non-reversible operations 
respectively 

Now all real processes are more or less 
non-re veisible Reversibility, m the thermo- 
dynamic sense of the word, is a condition m 
which an infinitesimal change m one of the 
co oidmates of the system, such as temperature 
or pressure, suffices to reverse the direction 
of change m the system It is an ideal state, 
which we may approach more or less nearly, 
but cannot reach, since such influences as 
fnction and conduction of heat cannot wholly 
be excluded Hence for all leal isothermal, 
constant-volume opeiations Sp must be less 
than zero, that is negative, and p must suffer 
a decrease 

Let us imagine that p has reached a minimum 
value Then, for any further small change, 
it can deciease no more If it alter at all, 
it must increase But, since a real change 
must involve a decrease m p f no real change 
can occur when p is a minimum the system 
mu&t be in equilibrium 

Thus we reach the necessary and sufficient 
condition of equilibrium for an isothermal 
system in which the quantity factors x, such 
as volume, are kept constant The condition 
is that the p function should be a minimum 
In mechanics we similaily get equilibrium 
when a potential is a minimum, and hence, 
by analogy, the p function is called a thermo- 
dynamic potential — the theimod^nannc poten- 
tial at constant volume 

In ordei to investigate the condition of 
equilibrium for a system at constant pressure, 
oi, m the general case, when the intensity 
factors X m the expression ^(Xdx) for the work 
of all kinds axe kept constant, we must return 
to relations (n ) and (m ), 

oe^OBp +2(Xdx), 
and subtract from each side 
8 {0(f> + L^)} = 68(f) + p5d + 2(X&c) + X(xSX), 
thus obtaining the relations 

5 ( e - 00 - 2 (X*){ Z(x8X) (vu ) 

If we write f for e — Op — — (X#), and restrict 
ourselves to isothermal operations, w e get 

dfm - ^(xoX), (vm ) 

relations which indicate that 8f has not 
such a definite physical significance as 8f> 
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the available energy Nevertheless, gives 
us the condition wo seek 

If we woik at constant pressure, or, m 
the geneial case, when all X’s are constant, 
dX vanishes and 

(i\ ) 

wheie as hefoie, the equation charactenses 
leversible and the inequality inevcrsiblo 
processes Hence it follows that, when i is 
a minimum, no real, % e u leversible, process 
can occur, and the system must be in 
equilibrium 

We have now obtained a complete solution 
of the problem of the conditions of equilibiium 
of isothermal systems m the two cases which 
aie at once the simplest and most important 
When the afs (including tho volume) aro 
constant, \p must be a minimum, and when the 
X’s (including the piesstuo) aio constant, f must 
be a minimum 

The functions f and f aie thermodynamic 
potentials, and involve the internal eneigy, 
the temper atuie, tho entiopy, and the co- 
ordinates X and a of tho system t ft and ( 
are theiefoie functions of the composition, 
the iempeiature, and the piessuie of unit 
mass of the system 

§ (4) Tiie Equilibrium oe Phases —Let us 
once moie return to tho consideration of the 
system with which we began — a liquid, watci, 
m contict with its saturated vapoui If a 
small mass am of liquid ovapoiato at constant 
volume, theie will bo an mciease, say, 
m the value of t/q for the vapour, and a de- 
crease, ty a , in that for the liquid, while, if 
the change occur at constant piessuie, tho 
coi responding quantities will be d( x and 5^ 
The total rate of increase pel unit mass 

evaporated is therefore 

_ d\po d(i __ d(z 

dm hm? dm dm 

In oidor that the system should bo in 
equilibrium, \ j/ or f must bo a minimum, and 
therefore tho differential coefhc lent must vanish 
Hence the necessary and sufficient condition 
of equilibrium for tho component water sub- 
stance m the two phases is 

d^Pl = dy'% 

dm dm , ^ ^ 


at constant volume 


*1 


, dh dc a 

and at constant pressure 

These quantities were named by Gibbs the 
chemical potentials, and, for brevity, the 
equations such as (x ) may bo written as 

fh=H 

At the triple point, where ice, water, and 
vapour coexist m equilibrium, wo have also 

and /*a = Ai 


But the last is not an independent equation, 
it is implicitly contained m tho othei two , 
for throe phases, containing one component, 
we have two independent equations w hen tho 
three phases are in equilibrium 

§ (5) The Phase Rule — Wo aio now ready 
to eoiibidei tho geneial pioblem of equilibrium 
m a system containing 7 phases and n com- 
ponents 

Eoi each component wo can get a senes of 
equations like those just obtained, giving the 
conditions of equilibrium tor that component 
in pans of coexisting phases As bofoio, the 
best possible equation will ho implicitly con- 
tained m the others, and the numboi of in- 
dependent relations is consequently one loss 
than the number of phases, oi 7 - 1 In the 
whole system, containing n components, we 
shall have a series of these equations foi each 
component, since, if tho whole system is m 
equilibiium, each component must bo m 
equilibrium in each pan of coexisting phases 
Fox instance, m a mixture of water and 
alcohol m equilibrium with tho mixed vapour, 
both for watei substance and for alcohol sub- 
stance must /q = g 2 Hence, m the whole 
system, the number of independent relations is 
n(i - 1), 

and these aro relations between quantities 
which aro functions of tho composition, thr 
temperature, and the pressure 

Let us now ask what is tho number of 
independent variables m tho system of i 
phases and n components 

In unit mass of each phase thoio may bo 
n components Tho composition of tho phase 
is known if the masses of n- 1 of those com- 
ponents aie given Foi instance, m one giam 
of a solution of a salt in alcohol and watei, it 
wo know that there is half a gram of water 
and a quaiter of a gram of alcohol, we do not 
neod to bo told that thoio is a quaitm of a 
gram of salt 

Altogether wo have ? phases ol which this 
is tine Hence the numboi oi independent 
variables defining tho conconti alien oi com- 
position of the system is 7 ( 71 - 1) But, besides 
tho composition, wo must know tho temper a- 
turo and pressure The volume ol unit mass 
will then ot corn so bo fixed, and is not an 
independent variable lienee to tho mtonial 
variables, defining the composition, we must 
add two, tho temperature and the pressure 
The whole number of independent variables is 
thus 

r(n~ 1) +2, 

and, to determine these variables, wo have 
n(r- 1) independent equations, containing 
functions of those same variables 

If wo have tho same number of simultaneous 
equations as we have independent variables, 
the variables must each have one and only 
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mio dctotminato value That is, the system 
can exist in equilibrium only at one tempoia- 
tuie, one pressure, and one composition of 
eaeli vanahlo phase Such a system is known 
as non- vanant 01 mvauant It is defined by 
the i elation 

w(»-l) = t(a-l) 1-2 

oi w-r+2=0 (\i ) 

On the othoi hand, if there aie loss in- 
dependent equations than there aie variables, 
the system will not be completely dotoi mined 
It can exist m equilibrium in diffoiont condi- 
tions, and its amount of lndetonmnoclness will 
me lease with the excess of vaiiables Foi 
instance, it thoio is one moio vauiblo than 
theie aie equations, one unknown will remain 
unspecified In Iho oquiiibnum between a 
liquid and its vapoui, n is 1 and r is 2 , honco 

n—9 1-2 = 1 (\n ) 

This system is known as inonovanant oi 
um variant It can exist m oquiiibnum 
thi ought >ui a wide lange of tompeiatuios and 
pioRsmofl But, i 1 one of those variables bo 
fixed, the othoi is fixed also At 50° C , foi 
oxamplo, equilibrium is only possible between 
water and steam at a piessuro of 92 3 nun of 
mei cm y 

Wo now see that the excess of the number 
of variables over the numboi of independent 
equations hot ween thorn may rightly bo called 
the numhen of degroos of freedom of a system 
ii this numboi be written as F, wo have 

F= j (n - l) ■+ 2 - 7i (? - 1) = n - ? -I 2 (xm ) 
as the symbolic oxpiossion of Willaid Gibbs’ 
Phase Rule, which, put into words, is 

The numboi of clogiecs of freedom of a 
system m oquiiibnum is two more than the 
excess of the numboi of components ovoi the 
numboi of coexisting phases 

II r Appmoation otp Tina Phase Rule 

^ (b) One (Jt)MPONFNT Systems — A s the 
simplest and most fanultai application of the 
Phase Rule, let us deal with the phenomena 
of equilibrium between the d liferent pliasos of 
watei substance 

To obtain a non-vanant system, wo must 
have* as lit equation (xi ) 

tfs=w-M 2=0. 

vSmeo theie is only one component, n is unity, 
and wo imd 

That is, to get a system winch is completely 
Bpocihod, three phases must coexist, or ice, 
water, and vajroui can coexist m stable oquili- 
bmtm at one temperature and one piossuio 
only, viz at the froozmg-pomt +0°0()(>8 0, 
nuclei the piessuto of the vapoui, wluch is 
4 0 mm of moieuiy 

The further relations of a ono-oomponent 


system, as illustrated by the Phase Rule, aie 
heat exemplified by means of a plane diagiam, 
thaw n between temperature and pussure as 
oi dilutes {Fuf 1) On ibis diagiam the m- 
vanant system ol thuc phases as icpiescnterl 
by the point P, the so called tuple point Both 
tompeiatmo and piessuu are hxed and de- 
ter mined 

Lot us imagine that, to this system of thiee 
phases, heat is added Ic o will gradually melt, 
but, as long as any uo remains, neither tem- 
per atuio nor pressure will change? The melt- 
ing point is constant and the vapoui piessuro 
is c onstant 

Whon the last particle of ico disappears only 
two pluses ate left In the equation (xm ) r is 
now 2, and F becomes unify We have the 
system of liquid 
and vapour m p 
oquiiibnum as ex- 
plained above , wo 
have a umvariant 
system On the 
diagram, this 
system must bo 
represented by a 
simplo lino — that 
is, by a figuio Fia 1 

which, foi ono 

value of the abscissa, has ono value of the 



ordinate only. In this case, the line is PA, the 
well know'll vapour piossuio curve of water 
It ends at tho eutical point, where the dis- 
tinction bofwcon liquid and vapour ceases 
and above which only ono phase exists 

Tho slope fiom point to point of curves such 
as this is given by tho so called Latent Heat 
Equation, 1 


dp_ L 
(10 0(v 2 -Vi)’ 


(XIV) 


wheio p is tho piessuro, 0 tho tompeiatmo 
measured on tho absolute scale, v z - tho 
change in volume pi educed when unit mass 
oi one pluso passes into tho other, and L fcho 
latent boat, i e tho amount oi heat, measured 
m mechanical units of energy, that must bo 
added to cause this transformation The 
Phase Rule enables us to pi edict the numboi 
and moaning of those curves of equilibrium, 
and tho Latent Heat Equation gives their 
slope lienee the Phase Rule and tho Latent 
JLoaf Equation contain togothoi tho complete 
solution of the problem of equilibrium 
And now lot us return onco more to a 
mixture oi throe phases at tho tuple point 
Instead of passing heat into this mixtuie, lot 
us imagine it to he abstracted Water will 
gradually freeze, hut, so long as any liquid 
lomams, tho temperature and pressure aio 
unalfoiod and w r o still have an invariant 
system 

1 Seo aitlclo u Thermodynamics M 
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But, when the last diop of w atei freezes, only 
two phases, ice and vapour, remain Again, 
m the equation (\m ) r is 2 and F is unity, 
and once more we must represent the system 
on oui diagram by a line This curve PE, 
showing the equilibrium between sohd ice and 
aqueous vapour, is the vapour piessuie curve of 
ice below the freezmg-pomt Since the latent 
heat of the change from solid to vapour near 
the freezing point is the sum of those for the 
changes solid to liquid and liquid to vapoui, 
the slope of this curve is gieatei than that of 
the vapour pressure curve of watei, and the 
curve for ice lies below that foi under-cooled 
water 

Finally, if instead of passing heat into or 
out of the invariant system, wo attempt to 
increase the pressure, its use will bo only in- 
finitesimal , vapour will condense, and the 
volume 'will diminish When all vapoui has 
gone, we get the umvaiiant system liquid water 
and sohd ice The curve of equilibrium PJ), 
since the change in volume from ice to watei 
is small and negative, is shown by the latent 
heat equation to be veiy steep, and to slope 
upwards from right to left It gives the de- 
pression of freezing-point as piessuie increases, 
which is one degree centigiade for about 147 
atmospheres 

§ (7) Two component on Binary Systems 
— As an example of a simple system containing 
two independent components, we wall take 
water and an anhydious salt such as potassium 
chloride In the Phase Rule Equation (xm ) n 
is 2, and to got a non variant equilibrium we 
have 

F=0=2-? 1-2 
oi ? =4 

The four possible coexisting phasos are crystals 
of ice, ciystals of salt, saturated solution, and 
the vapour, which, smeo the vapour pressure 
of the salt at oidmaiy temperatures is negh 
gible, is the vapour of water only 

Oui plane diagram, whoio tho co-oidmatos 
are temperature and pressure, is now inade- 
quate, because a new independent variable 
appears — the concentration of the solution 
For graphical representation, wo shall want 
another axis, and thoiofoio we must take a 
three-dimensional model, which can bo indi- 
cated on a plane diagiam by a perspective 
sketch (Fig 2) 

In this model, the invariant system of four 
coexisting phases is repicsented by a point P 
The co-ordinates of this point aie fixed by the 
tefnperature t corresponding to tho fieezmg 
point of tho saturated solution under its own 
vapour pressure, the vapour pressure p, and 
the composition c of that solution at the 
feezing - point For w atei and potassium 
shlonde i = - 11° 1 C , p =2 0 mm of mercury, 
tnd c=24 6 grams KOI to 100 grams H a O 


Tins constancy of composition and of melt- 
ing -point used to be thought characteristic 
of elements or definite chemical compounds 
only And Guthrie, who hist investigated tho 
phenomeni of these invariant systoms, called 
tlie mix tuie of solids cryohydiates 

Lot boat he passed into this non-vaiiant 
mixture Ice molts, and salt dissolves in tho 
liquid so produced to form moje saturated 
solution , the co-ordinates aro unaltered But 
eventually either salt oi ice fails If ice fads 
fust, leaving excess of salt, wo are hit with 
salt, saturated solution, and vapour — three 
phases winch, m accoi dance -with tho rule, 
foim a umvaiiant system lepieseniod by a 
lino such as PA in our sohd model, tho 



vapoui pressuio cuive of a solution saturated 
fiom point to point as tho temperature uses 

If, on the other hand, tho supply of salt 
fails, leaving excess of ice, tho solution grows 
moie dilute as ice melts, and in tho end, if 
the amount of ice is unlimited, tho solution is 
infinitely dilute, ? e this fi cozing point curvo 
ends at B, the freezing-point of pure water 
Along its length tho concontiation varies fast 
— it lies quite out of the plane of tho sketch 
diagram 

If heat be taken from the non-vaiiant mix- 
ture, liquid vanishes, and wo get PE the vapour 
pleasure cuive of mixed ico and salt, while, if 
the volume bo diminished and finally piossuro 
bo mcroasod, wo obtain tho last possible u in- 
variant system made up of ico, sail, and 
satmated solution, lopiesontod m Fig 2 by 
the lino PD 

The four curves so obtained mark out 
edges in the sohd model, and these edges form 
lines of contact between shoot-surfaces Such 
surfaces lepresent cli- valiant systems with 
two degrees of freedom, and, as the Plraso 
Rule shows, two phases in eqmhhuum Ecu 
the example taken, these pairs of phases aro 
written on the diagram (Fig 2) 

Finally, between the di- variant surfaces 
tlnce-dimcnsional spaces exist, repicscnting 
the three degrees of freedom characterising 
systems containing one phase only Tho 
meaning of each space on the diagram can 
be seen by taking the phase common to tho 
two surfaces which bound the space in question 
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The complete significance of the chagiam is 
now ch ai 

Tins chagiam also icpicsents the* ])hcnoiuena 
of equihbnum between watci and a hydiated 
^xlt such as sodium sulphate, N*ijS() t 101LO, 
“ hydiate ” being substituted foi “ salt ” whoie 
it octuis in Fuf 2 In this case, the cuivo OA, 
giving the equilibrium betwcon hydiate, solu- 
tion, and vapoui, ends at 12° 0, wheio tlie 
hydiate melt* and passes into anliydious 
sodium sul])hato and watci At tins point, then, 
wo git allot hot non valiant system, the foui 
necessary pluses being solid hydiate, solid 
anliydious salt, liquid solution, and tlio 
vapoui Emm this point stait foui uiu- 
vanant ciuves, u pealing qualitatively the 
phenomena oE Fig 2 

When we piss lrom the ({uahtalivo to tlio 
quanlitativt study of those phenomena, the 
geneial sketch of the model must bo unplaced 
by a piojoction of tlio umvaiiant cuivo in 
(pies Uon on one oi othoi oi tlio tlnee planes 
Tims e\pemnonts on tlio connection between 
wompeiatiuo and solubility aie icpiescntod 
by piojcetmg the cuivo OA on tlio C t piano 
In oidox to do this, the piessmo at each point 
should be that of the vapour at that point, 
but, since the solubility ot a solid does not 
change much with picHsuie, the simpler ox- 


with sdvci, and in OBF coppci and a solution 
satui ated with coppei Above the eqmlibiium 
curves Ai> and OB no solids exist, and the 
Ik j iiid is an unsatuiated solution 

If a melted alloy, such as that repiesented 
by the point G m Fig 3, ot composition 



Atomic per cents 
Pig 3 

nclici m coppoi than that of the outoctic 
mixture, bo coolocl, solid coppei, lcpicsentcd 
by tlio point M, is deposited when the tcmpeia 
tuio falls to that cotiespondmg to tlio point II 
The icsulual li([uid thus becomes uchei m 
silvei It changes as indicated by the cuivo 
I IB, till its composition is that of the eutectic 
At B silver and coppci aie deposited togethei 
m eutectic proportions till the whole system 
is solid Microscopic examination ot the 


poinuonts made undci constant atmo- 
spheric picssuic give the them dual uni- 
vauant cuivo with enough accunuy 
Simple lllustiations maybe taken fmm 
solutions ol salts m watei, oi, to open new 
giouncl, limn alloys Fig 3 shows the 
equilibrium between sihei and eoppci 
Pino silver melts at 9(>0 n , ancl the ad 
dil inn of toppei low ci s the melting point 
in a univanant manner On the othei 
band, puio coppci melts at 1081° 5, and 
the addition of silm hiimlatly loweis the 
molting point f rhe two cmvts cut cadi 
othei at a point B, whom thorn aie 40 
atonm pci units of coppei and the tem- 
po! at uic is 777" Ileio wo get four 
phases ciyutuls of the two puio metals, 
tlus liquid, consisting of the saturated 
solution oL oath in tlio other, and the 
vapour Bv the Phase Rule this is a 
non-vauant system , mioioHcopu* examina- 
tion hIiowh that its etystallino struetuio is 
mote umfm m Ilian that of a mixture ol 
any othei piopm (ions, and it is lienee 
called a eutectic alloy The eiystals aie 
those of puio silver, lopiesented by K, 
mixed with those of puio copper, repio- 
sented by F Bc*low 777° no liquid can 



Biu 4 


exist, hence underneath the horizontal lino 
RBF wo have a togion in the diagram which 
represents solid alloys made of mixtures of 
coppei crystals and silver eiystals in varying 
piopotlions In the legion ABB we have 
crystals of silver and a solution saturated 


solid so obtained wall show the larger eiystals 
of piuo coppei Inst deposited, cemented to- 
gether by a conglomerate made of the smalloi, 
more regular crystals oi both metals deposited 
outecLcally 
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The copper silver diagram of Fvj 3 will also 


Un saturated 
Solution 


Solution 


Ice + H 


K H J0 


Unsaturated 


Solution 


represent, m a qualitative way, the equih 
brium between 
water and an 
anhydrous T qq 
salt The point 
A represents 170 ° 
the meltmg- 
pomt of ice and 150 
the point C that 
of the salt t3 ° 

For potassium « 
chloride, for 110 
instance, this o 
point is 730° 0 
Practically, the 70 °. 
investigation of 
this case pie- 50 °. 
sonts diffi- 
culties, since 30° ■ 
above 100 ° 0 , 

owing to the 10° MgCI 2 12H 2 0 

high vapour “ D s. ^Solution ' 

pressure of -10* N. (^Ljny 

water, the ex- 0 , /0 * . /\ - - V ; 

penmenis have " 3 p . ° u '° n/ MgCl^l 

to be earned _ 50 ° /oa + %c/ g i2H z o Q MgC ! 2 1 
out under “ io~~20™^GT4ot^o" 

rapidly mcreas- 12 

mg pressures, 
but the change 

thus produced m the state of equilibrium of 
the solid and liquid phases is veiy small, 
and, theoretically, the diagram bi mgs out the 
fact that there is no real distinction between 


so the so-called solute and solvent Alone the 

* curve CB the solution is satin 1 ted with and 
m equilibrium with salt, and along AB it is 
saturated with ice At the eutectic point B 
both ice and salt exist Fig 3, theicforo, will 
lepresent the equilibrium between water and a 
salt, if ice be read for silver and salt foi copper 

V If water and salt combine to form a hydiato, 
or if two metals, such as antimony and copper, 
s f form a compound, wo got as one possibility 
'Solution a Vagram of the type shown in Fig 4 1 
If the compound have the composition 1 e- 
piesented by II, the vertical lino T V/ EII 

* divides the figuie into two, each part being 
analogous to the complete diagram in Fig 3 
At E the solid hydrate 01 other compound 

; is m equilibrium with a liquid of the same 
composition, and we get a constant moltmg- 
point Adding either component to this 
compound causes the moltmg-pomt to fall 
Along the curve (JED the hydiato is 111 equi- 
librium with the saturated solution At 0 
we have a non- variant eutectic point where 
hydrate and ice are the solid phases, and at 
D another eutectic point with hydrate and 
anhydrous salt as solids 
If a liquid lopresented by U be cooled 
along UR, solid hydrate, represented by X, 
appeals at E As more and more hydrate 
1 crystallises out, the composition of tho liquid 


L/ %c/ a 2H 7 0 

h Solution 



MgO/ s 4H a 0 

+ 

MgCI 2 2H U 0 


/oa + MgCl z 7 2H a O 


f MgGl 2 6H 2 0 


Mg0l z 12H a 0 

+ Solution F h-—i 

( p \ 

M MgG! a 12H 2 0 N + 

M9 ° w [ 


MgCI 2 6H 2 0 


MgCI a 4H 2 0 


20 30 40 A . 50 60/. 70 80 


100 110 120 130V" 

H 4 , 


changes, the proportion of water mci easing 

1 Figs 4, 5, 0, and 12 to 18 arc taken, bypeirms 
sion, from Dr D A Chhbcns’ book, The. Principle*, of 
Phase Theory (Macmillan <fe Co ) 
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with railing tempeiatuie as shown by the 
cmve FO At 0 ice appeals 

On the othei hand, if a liquid uchei in salt 
than the hydinte bo cooled along VZ, the 
hydiato X appeals at 0 and the residual 
liquid becomes mcieasingly moie saline till 
anhydious salt ciystals appear at D 

It is mtf resting to note that if watci bo 
ovapoiatcd at constant tempo? aturo fiom an 
unsatuiatcd solution icpiesenLed by Y, so 
that wo pass along the horizontal line YL, 
the liquid will solidity at F, but the systom will 
again liquefy at (I, wlioio the lmo onoo moio 
enteis the legion of unsatuiatcd solutions 
It will loinuii wholly liquid till K, wlioio 
anhydious salt appears When all water is 
evaporated, we are left with pine salt at L 
Another ])ossibilrty rs shown m Fiq f) 
Here the non vanint point D has a liquid 
phase containing moio water than docs the 
hydi ate — that is to say, is on the left of T"M1I 
Passing up the cuive CD from left to right, 
anhydious salt appears before the composrtion 
corresponding to the jmio hydiato is i cached 
Liquids of composition V or U when cooled 
deposit anhydious salt at L and K icspoctively, 
and hydiato when the lesidual liquid 1 Gaelics 
the ti ansi lion point 1) Isothcmial evapora- 
tion along YE pioduces hydiato at Z, which 
is converted into anhydious salt when dehydra- 
tion begins at R 

Both these possibilities aio actually found 
in the phenomena of equilibrium of water and 
magnesium chloiulo, a salt which ciystalhses 
with 12, 8, (), 4, and 2 molecules of water to 
foim hvo diiluent hydiates The meaning 
of Fiq 0 will bo clear without further 
explanation 

(8) Mixld Crystals or Solid Solutions 
— Ihtheito we have dealt with systems wlioio 
the only phase with continuous variation m 
composition was the liquid The solids have 
been ciystals, such as ice, salt, a hydiato, oi 
a metal, ol one delmito chemical and physical 
constitution But solids nio found with 
continuous vauntion , they aio e dic'd solid 
solutions oi mixed ciystals For instance, 
it 1ms long boon known that m ciystals ol the 
alums, one metal such as sodium can leplaco 
another such us potassium by insensible 
gradations, < arising no change m the form of 
the' ciystals 

The Ihormodynttimt thorny of these variable 
solid phases has been worked out by Roozo- 
bootn, 1 by a method ongmally due to van 
Rijn van Alkemado 8 

Wo have aheady seen that the condition 
of equilibrium ol each component m two 
coexisting phases is 

#i ()P ( hi d{% 

dm dm* dm dm ’ 

1 Zah p/i//« Vhcm , 1800, \\x 385 
4 Jhxd , 1803, \I 280 


according as the system is maintained at 
constant volume or at constant pleasure 
These differential coclhcients give the slope 
of the curves m a diagram dr iwn between 
\p and m or <* and m as ordinates When 
m and therefore the concentration of one 
component in the other is small, wo get a 
characteristic dilute system, the energy rela- 
tions of which con capon d to those of any othei 
diluto solution or of a gas The work done 
during an isothermal compression of a gas is 1 

mRT logfr. 

Pi 

wlioio m is tlio mass of the gas, R the gas 
constant, T the absolute temperature on the 
gas scale, and p % and p> the 
initial and final piessuics 

In the pioblem which now I 
faces us, it follows that the 
work dono m introducing a 
fuithor small quantity of sub- n 
stance is of the form a H- log 6m, 
wliero a and 6 are independent 
of m When the conccntiation is 
mdelinitely small, m approaches 111 
zero, and its loganthm - oo 
The curve must thoreioio at lirsL 
touch the axis of $ or In IV 
the diagram of Fig 7 the pure 
components A and B aio repre- 
sented by the two sides of the 
figure, while systems of mixed v 
composition are denoted by c 
inter mediate points In Divi- 
sions I , II, HI, and IV of tlie 
figure, the vortical axis gives 
the value of \p oi { , m Division V it gives 
the temper atui e 

With two vauabic phases, liquid and solid, 
wo have two emves, and wo now see that 
oaoh of these cuives must start voi tic ally 
downwards fiom each side of the diagram 
Lot us considei the possibilities of ft am in 
the lost of the cuives 

The simplest possibility is that both curves 
should run from end to end with no changes 
m the sign of eurvatmo, as m Fuj 7 Division 
l m this iiguio shows the two phases above 
the melting-point of either component The 
liquid being the stable phase, its potential 
must lie less than that oi the solid, and its 
cm vo lies below At a melting -point, solid 
and lap id aio in equilibrium, and the conc- 
spondmg ends of the two cuives coincide 
At some lowoi temperature, for coitam com- 
positions, the solid is stable, and the two 
curves out each other as shown in Division II 

Now the condition o£ equihbmmi as given 
in equation (x ) is that d{Jdm=d<;Jdm s le 
that the oui vea should have a common tangent 
This is satisfied by the points a and 6, which 

1 8oo article “ Thermodynamics ” 
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theicfore give the compositions of liquid and 
solid m equilibrium with each other at this 
tempeixtuio D. vision III icpiesents similai 
equilibrium at a lower temperatuic, while 
[V r shows the cuives below the 
melting-points, when the solid is 
tho only stable phase 
These four m( diagiams ean 
now be used to constiuct an mt 
or freezing point diagram, show- 
ing the relation between com 
position and meltmg-pomt as m 
Division V At the temperatures 
of II and III a liquid of com- 
position a is m equilibrium with 
a solid of composition 6, and wo 
l thus get two curves m Division V , 
kyy the upper conespondmg to Ihe 
''ft liquids and the low er to the solids 
m equilibiium with each other 
These curves aie called the liquidus 
and solidus respectively 

When a liquid of composition 
m cools, solid of composition o 
appeals when the liquid is at n 
As tho liquid varies m com- 
position from n to p, the solid m equilibiium 
with it changes from o to q, at which latter 
point the whole system has become solid 
Instead of cutting each othci as m Fiq 7, 
the m( curves may fn&t come into contact 
at an intermediate point as m Fiq 8 This 
gives mt curves as shown in Fiq 8, Division V 
If the ; cuives leave each othei at a point 
as m Fiq 9, the mt diagram is as shown 
therein while, if one curve suffers 
a clunge m curvatuie as m Fiq 
10, the thermodynamic potential 
between certain points is lughoi 
than it is art those points and the 
compositions between them are 
unstable, the crystals jiassing 
spontaneously into mi\tuioa of 
the solid solutions repicsonted by 
the points The coi responding 
freezing point diagram shows that 
at a temperature c a liquid of 
composition c is m equilibrium 
with solids of composition both d 
and e, no solid solutions of nitei - 
mediate composition being stable 
Between the two lines did and elm, 
we get mixtmos of two solid solu- 
tions of compositions repiesented 
by points on those linos 
Wc are now ready to elucidate 
some of the complex phenomena 
of solid solutions winch have been dis- 
covered, especially m the case of alloys 
The experimental investigation consists chiefly, 
firstly, m observations- on the rate of 
cooling, when, owing to the evolution of 
latent heat a slowing crown m the rate 





bConc” B 
Fig o 


of cooling marks a change of state whether 
fiom liquid to solid oi from one solid to 
motliei , and secondly, especnlly in the case 
of alloys, m the miciobcopic examination of 
polished sui faces of the solids 
which have been suddenly cooled 
fiom a definite tempeiatuie by I 
chilling in cold watei By this 
chilling, the ciystallme structure 
at the given temperatuic is fixed II 
peimanently, and it can then be 
examined at leisuie It is found \ tt 6 P 
that each kind of element, com- ni 
pound, oi solid solution has a 
cliaiactenstit ciystallme stiuc- 
tme by which its presence can 
he detected and its appeal ance ^ 
and disappeaiance tiacul 
Let us take as an example the 
woik of Hoycock and Neville on v 
the bronzes, that is, of alloys of 
coppei and tin 1 Fiq II shows 
the equilibiium cuives fiom puie 
copper to an alloy containing 
80 atomic peicentagcs of tin C 
Above the “ liquidus ” curve, i 
ABCDEFGU, the alloys consist 
of a homogeneous liquid, and 
below tho “solidus” tujve, AWiw/E^EJFM, 
the whole mass is solid But, even m this 
solid mass, changes of stiuetuie go on when 
the conditions are altered For instance, the 
two cuives IX and E'X, which cut each 
other at X, enclose a region which xepicscnts 
homogeneous solid solutions of varying com- 
position Along IX and E'X, these solutions 



are m equilibrium with othei solids which 


A tonne Per cants of Tin 



crystallise out when tho mass is cooled slowly 
(as down the dotted Imo) so as to cut one of 
these curves 

The moaning of tho rest of tho diagram is 
clear fiom what has alieady been said Tho 
regions lepiosenting the difloicnt ciystalhno 
substances of definite composition a, (3, y , 8, i) 
1 Trans RS A, 3904 ccii 1 
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ate marked with those letters, while the region 
in which (j and y join in varying proportions 
to ioini solid solutions is marked fa 

if (9) Tnivi e roMPoxiuNT ou Tehnmiy Svs- 
tmvis — The Pluii Rule Equation, 


% — — 

of Sj m water be represented by A {Fig IS) 
Similarly, let G and I) represent saturated 
solutions of in water containing two 
clifteient amounts of S, At E the amount of 
S 2 is enough to saturate the liquid with S 2 


E = h - ) + 2, 

shows that, for throe components (?i = 3), to 
get a non valiant system, w r o must put r — 5, 
tint is, assemble live phases in eqmlibnum 
11, as Ih foie, only one liquid and one vapour 
phase be possible, we shall want thieo distinct 
solids to complete out hvo phases 

Whtn no mixed crystals are fonned, the 
solids ire mv.mable, and if also only one 
component be volatile, the liquid is the only 
variable phase To express the composition 
oL unil mass, we shall need to know the value 
o[ n 1 oi 2 coordinates Diagrammatic 
l opt oscillation of the complete system, then. 


w 



would need a lour -dimensional model By 
t thing the ptoHsuio constant, as is legitimate 
when dealing only with solids and liquids, 
we (Mil reduc o out Jour dimensions to a possible 
three, while by wan king at constant tempera- 
ture w o can represent the equilibrium of three 
components on a plane diagiam 

hi order to do this, wo will use a method 
introduced bv Gibbs Points at the angles of 
an equilateral triangle are taken to represent 
the Hu on com portents in a pure state A point 
m any side (hen represents a mixture of two 
components, and a point V wrthm the triangle 
mixtures of three components, the amount oi 
any one component being piopoilional to tho 
distance of P fmm tho side opposite to the 
angle representing that one component m a 
dnei turn parallel to one of the other* sides 
Thus, to take as an example a system of 
watts* \V and two salts Nj and >S», the point P 
{Fig 12) represents a solution of aBj and 
//»S» in unit mass, tho amount of watei, 
1 - (.*H a 1 r/Bj), being represented by PE or VG 
Ltd the composition of a saturated solution 


W 



also, and here the solution is m eqmlibnum 
with both salts For an isothermal system, 
E is an, invariant point — the equilibrium is 
completely defined for the one temperatuie 
represented by the plane diagram In the 
same way, the curve BEE represents liquids 
saturated with S 2 m solutions of S x m water 



of increasing concentration, and once more 
when we reach. E the liquid is saturated with 

both salts . _ , , 1+ 

If tho two salts form a compound double salt, 
its composition may be represented by a point 
D m thehne S X S 2 (Fig 14) Its saturation curve 
m solvents of varying composition will be some 
such line as CE, the liquid being also saturated 
with S x at C, and with S 2 at E These points, 
0 and E, represent non-variant systems 
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The phenomena, of isothermal evaporation 
can be Laced by following lines such as UFD, 
VLP, and XCG on the diagram For instance, 
when we pass along UD, we start with an 
unsatmated solution prepared by dissolving 
the compound m water At F it deposits 
ciystals of pure S x , and the composition of 
the residual liquid passes along the curve 
from F to C, where the liquid is also saturated 
with the compound Hence, m such cases, 
the compound is said to be “ decomposed 
by watei,” though theory now shows us that 
such reactions depend on the thermodynamic 
lelations of equilibrium between solid and 
liquid phases By whatever form of vords 
we desenbe the phenomena, our theory 
enables us to foietell the conditions necessary 
for the sepai ation of one constituent salt from 
a solution of two salts or a double salt 

Points between J and D represent complexes 



of both S x and the compound, m equilibrium 
with the m vanant solution C, and, if we 
entei the space DCE, as by evapoi ation of a 
liquid lepiesented by V or X, the deposited 
S x will redissolvo, and we shall get the com- 
pound double salt as the only sobd This, m 
its turn, will become mixed with crystals of 
pure S 2 if we pass into the space DES a 

A somewhat similar diagiam is obtained if 
either of the salts forms a solid hydrate with 
water Its form is clear from what has been 
alioady said The isotherm at 25° 0 for water, 
sodium sulphate, and sodium chloride is given 
m Fig 15 

The effect of changes m temperature may 
be represented by superposing these isothermal 
diagrams one on the othei We thus get a 
three-dimensional triangular prism in which 
the whole phenomena may be set forth 

§(10) Four - component or Quaternary 
Systems — When another or fourth component 
is present and n=4, even if we work at con- 


stant pressure and constant tempoiatuie, it 
will need a three-dimensional model to icpre- 
sent the composition of the liquid phase Tins 



Fig lb 

can best be done by using a regulai teiia- 
hedron, each of the faces being an equilatoial 
tnangle Points on one face of tho totia- 
hedron lepiesenl systems containing tho com- 
ponents represented by tho three cornois of 
that face, just as m tho case of tho ternary 
systems already considoiod, and points m- 


NaCI 



side the tetrahedron coriespond to systems 
containing also the fourth component 
The tetrahedron may bo drawn as a pci- 
spective sketch or piojoction on the base of 
the tetiahedron, or it may bo imagined as 
standing on one edge, symmetrically about a 
vertical plane through that edge, and thon be 
projected on a horizontal piano Wo thus got 
a square, m winch we can icprcsont tho systom 
on a plane diagram Figs 16 and 17 show 
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the equilibna of water with sodium, coppor, 
and baiiurn chlotides by these two methods 
for a constant tomporature of 30°, where the 
stable solid phases aie NaCl, BaCL 2H 2 0, and 
CuCL 2H 2 0 The pomt q represents the iso- 
thermal invariant solution which is saturated 
at 30° with these three solids, the composition 
being 

NaCl BaCl, CuCl 2 H 2 0 

10 49 1 97 36 12 51 42 per cent 

When double salts, anhydrous or hydrated, 
aie formed, more complicated diagrams of 
couise result 

Another type of quaternary system is given 
by mixtures of two salts -with no ion m 
common, such as potassium nitrate and 
sodium chloride Here a double reaction 

KNO s + NaCqp^NaNO, + KC1 

is possible, and, indeed, m solution the salts 
aie ionised Thus, from a liquid containing 

K, Na, N0 3 , and Cl any of the four possible 
salts may be deposited Nevertheless, since 
the equation given above describes the re- 
action, the concentration of one salt can be 
expressed m teims of the othei three, and, 
with watei, we still have only four independent 
components For instance, the amount of 
potassium nitiate is given by 

KN0 3 = NaN0 3 + KOI - NaCl 

If the three salts KN0 3 , NaNO,, and ICC1 are 
lepresentod by the three corners of the tri- 
angular base of a tetrahedion, the apex of 
which corresponds to water, solutions con- 
taining KN0 3 will be represented by points 
having a negative value of NaCl, that is, points 
such as b lying beyond the side NaNO), KC1 
of the tnangle NaNO), NaCl, KC1 of Fig 18 
Instead of drawing this as an equilateral, it is 
bettei to make it a light angled isosceles 
triangle as m the figure Tho pom£ repre- 
senting puie ICNOj will then, if all composi- 
tions aie expiessed m moleculai proportions, 
be at tho fouith coiner of the square 

The complete diagiam of Fiq 18 represents 
the isotherms at four difleient temperatures 
No hydtates or double salts appear, and the 
system is the simplest possible of its typo 

Lot us make a practical use of this diagram 
to investigate tho conditions in which we can 
make crystals of potassium nitrate from 
sodium nitrate and potassium clilonde The 
solution containing equimolecular amounts of 
these two salts will be represented by the 
middle pomt of the line joining them, u by 
the point a, wlioie the diagonals of the squaie 
mteisoct It appears Xiom the diagiam that 
at 100° this point a lies within the surface 
between the axes meeting at the point marked 


NaCl, and the lines meeting each othei at 
and P 2 This suiface repiesents solutions 
and solid NaCl, so that, if the liquid be 
evaporated at 100° from an unsaturated 
solution of sodium mtiate and potassium 
chloride m molecular proportions, it will first 
deposit sodium chlonde As the amount of 
this salt gets less, we recede moie and more 
from the corner NaCl, that is, we pass along 
the diagonal through it When we reach 
b the liquid becomes saturated also with 
potassium chloride We must now stop the 
evaporation and filter off the sodium chlonde 
The liquid filtrate contains the salts m the 
proportions eoriespondmg to the pomt b , and, 
at temperatures below 50°, this pomt lies 
withm the surface between the axes meeting 
at the pomt marked KNOo and the lines 
meeting each othei at P x and P 2 This surface 
represents solutions mixed with potassium 



mtiate By cooling the liquid, theiefoie, we 
deposit crystals of potassium nitrate As the 
liquid loses that salt, we pass away fiom the 
cornei KN0 3 along the diagonal Let us sup- 
pose tho temperatuie has fallon to 0° When 
we roach the point c, the solution becomes 
saturated with sodium chloride also, and the 
evaporation must be stopped, since w r e want 
pure potassium mtiate 

§ (11) More Complex Systems — The larger 
the numbei of independent components, the 
gieater the difficulties both of experiment and 
also of graphical representations of results 
With five components, however, much in- 
formation is available 

At constant temperature and pressuie, we 
still have fbui vanables But, if we leave out 
of our diagrams tho constitution of the liquid 
phase as regards water, we can represent use- 
fully the relations of equilibrium for four salts 
dissolved therom 

Instead of taking the salts themselves as 
components, we may take tho ions instead 
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A five component system can either have four 
ions of one sign and one of the othoi, as, for 
instance, when foiu chlorides are present, oi 
it may have three metals shared between two 
acid radicles 

Pm the theory of those complex systems, 
and its application to such practical pioblems 
as the separation of one salt from its mixture 
with several othoi s, the leader is iefened to 
Chbbens’ Principles of the Phase Theory (from 
which somo of the diagiams m this article are 
taken), to Roozeboom’s Die hcterogenen Gleith- 
qeivichtc vom Standp unite dei Phasenlehe , and 
to the many papers on the subject which 
•will bo found m the ZeitscJmft fur phifsilalisdie 
Ghemie and other chemical and physical 
journals w c D w 


Pipe Line, Capaoity of a See “ Hydraulics,” 

§ ( 55 ) 

Pipe Lines, Losses in See “ Hydraulics,” 
§ (25) 

Pitot Tube An mstrument used foi deter- 
mining the velocity of a fluid at a given 
point See “ Faction,” § (11) 

Planck’s Constant and Theory op Tem 
perature R idiation See “ Thermo- 
dynamics,” § (58) , “ Quantum Theory,” 

^ (I), Yol IY 

Planck’s Formula foi the law of spectial 
radiation, 

w -l)-\ 

specifies the distribution of theimai emission 
intensities in the spegtium of the radiation 
emitted by a uniformly heated enclosure 
See “ Radiation, Determination of the 
Constants,” etc , I § (1), Yol IV 
Planck’s Radiation Formula the formula 
which gives the distiibution of energy of 
radiation along the spectrum It lias the 
f° lm Sirhc 

^ = X 5 (e W^_l)- 

wlioro T is the absolute temper atm o, X the 
wave-length of ladution consideied, o the 
velocity of light, E* the density of isotiopic 
energy pei unit wave-length, and Jc and 
h universal constants See “ Radiation 
Theory, ” § (6), Vol IV 

Planetary Theory, Application op Dyna- 
mical Similarity to See “ Dynamical 
Siniilaiity, The Principles of,” § (9) 
Plasters containing Capsum General 
Properties See “ Elastic Constants, 
Determination of,” § (153) 

Platinum, Influence op Purity op, on 
Resistance Thermometers See “ Resist- 
ance Thermometers,” § (6) (n ) 

Platinum, Polished, Emissivity op, detor= 
mined by optical pyrometer See “ Py iso- 
metry, Optical,” § (22) 


Platinum, Specific Hi at op, used as a 
secondary standaid of temper atui c in the 
range above 500° C See “ Temper rluie, 
Realisation of Absolute Sc do of,” ^ (41) (l ) 

Platinum-metal Thermocouples, used as 
secondary standard of tern per atm e m 
range 100° to 500° and compaicd with gas- 
thermometers See “ Temperature, Rcaliwa- 
tion of Absolute Scale of,” § (36) 

Platinum Thermometer, Calibration op 
Box Coils and Bridge Wire op See 
“ Resistance Tlieimometors,” § (13) 
Platinum Thermometer Coil, Heating 
Epplot op Current passing through 
See “ Resistance Thoimomoters,” § (9) 
Platinum Thermometers, Construction oi< 
See “ Resistance Thermometers,” ^ ((>) 
Pneumvtio Gauges See “‘Meiers Liquid 
Levol Indicators,” § (15), Vol III 
Poisson’s Ratio 

Definition of The ratio of the tateial 
contraction to the elongation produced 
by a simple tension Seo “ Elasticity, 
Theory of,” § (4) 

Method of Direct Experimental Determina- 
tion See “Elastic Constants, Deter- 
mination of,” § (67) 

Tabulated Values of Soo ibid (07), 
Tablo 25 

Porous Plug Experiment, Joule and Thom- 
son’s See “ Thermodynamics,” ^ (12) 
Potentiil, Thermodynamic See “ Thermo- 
dynamics,” § (51) 

Potentiometer 

Ilausrath, White, Diesselhorst Typo oi, 
designed for tlio measurement of thermal 
EMf’s so that thermoolei ti ic diet ts 
at biush contacts aio icduted to a 
minimum See “ Thermocouples,” ^ (13) 
Portable Deflection Typo of a typo ol 
mstrument foi the measurement of 
thermal EMFhs which occupies a 
position intermediate between the nul 
potontiometei and the moving coil 
deflection instrument See ibid ^ (15) 
Simple Circuit, a practical form for the 
measurement of thermal E M F ’s See 
ibid § (10) 

Suitable for the measurement of thermal 
E M.F ’s See ibid § (9) 

For Thermoelectric Woik, points needing 
care m the installation of, (l) Elimina- 
tion of parasitic E M I' 1 ’s, (2) prevention 
of leakage into the potentiometer oueiut 
from neighbouring lighting or furnace 
circuits See ibid § (26) 

Vernier Forms of, designed by Thomson 
and Varley for lesistanco and cell eom- 
pauson work and modified for the 
measurement of thermal E M bY« Seo 
ibid § (11) 



POUILLET INSTRUMENT- PRESSURE, MEASUREMENT OE 


623 



^is4li£rmomcteis with auonduy standards 
<>f tern pci at uio m the i ingo r )00° to l (>00° 
‘^ec “ Temper atme, Realisation of Absolute 
^ ^cale of,” (39) (n ) 

Issued, Influence of, ok Thermal 
Expansion of Solids and Liquids See 
4 4 Thermal Expulsion,” ^ (13) 

PRESSURE, MEASUREMENT OE 

^ (l) Introduction — Piessmo la defined as the 
f> *oo actmg upon unit ait a, so that the 
of its inoasuiemcnt is resolved into 
, hs determination of the lone acting upon 
^ known area In comparing any force 
the gravit itional foico on a known 
^hlbs, the value ol the giavit itional constant 
<v *tocts the result so that a pressure gaugo 
^hich determines the weight supported upon 
u *Rt area will vaiy as the gravitational 
°RUstant vanes On the otlxei liaiul, if the 
^Reshuio gaugo measuies the force by the 
^istae deformation ol some body, its calibia- 
will be independent of the valuo of 
^te gravitational constant 

Pressure may also bo measmed by the 
°Rect pioduced upon some physical char 
R'^touslics of a body, and this may be termed 
* X R indirect deter ruination of pressure Such 
&Uiges may or may not bo capable of uso as 
absolute standards For example, the olfcct 


depends upon the accuracy required, the 
rapidity with which observations are to ho 
made, and upon the \ .nubility of the pressure 
The following paragraphs will describe the 
usual forms ot gauge used m the following 
order 

(r ) Primary static pressure gauges 
(ii ) Secondary statu pressure gauges 
(m ) Gauges for measuring varying pressures 
(rv ) Gauges for measuring \ciy small differ- 
ences ol pressiue 

All the types of pressure gauges closcnbed, 
with one exception, measure the difference 
between two pressures, and m most cases 
one of theso is the pressure of the atmosphere 
When this is the case it is neccssaiy to observe 
the barometric height at the time the abaci va 
tions are made, and add the pressuio of the 
atmosphere to tho observed pressure in order 
to obtain the absolute pressure Tho exception 
is tho closed mercury column or compressed 
gas manometer (§(b)) This manometer reads 
tho ratio between tho absolute pressure 
applied and tho pressuio at which tho gas 
rose i voir was onginally Idled 

r lho different types of pressure gauge aro 
mentioned, but tho descriptions aro necessarily 
bnof References are, howover, given which 
will supply fuller particulars when theso are 
leqmred Tho l elation between tho more 
important pressure units is given m tho 
following table 


T\ni i 

('ONVIRSION FuiOKS 3 OR Pltl SSUPII SdAITS 
(Penned to 1 p.ut m 10,000 at 0° C , taking g -980 0J7) 



Lbs /it 

- 

In ol 
Mt'iuuy 

A hue 
Split)! ( s 

Aim of 
Mine urj 

Iv« /cm 3 

I>\m's/tm 2 

Lbs /m a 

1 


ii 0800 

0 SOI \ ID 

T 171 10 

7 DU ID- 3 

0S'H s ID 1 

In ot Mon tny 

1 ‘ii > 

ID’ 1 

1 

T'Jli sltr- 

li M0 s 10 

T ITT > ID’ 3 

8 ISO slO 1 

•ALmosphi 10 s 

1 ll>% 

ID 

2 ‘>012 s ID 

1 

7 ODD s LD J 

i o’m | 

1 0 L >12 > 10° 

Aim ol Mmuny 

( TM7 

ID- 3 

T Di7 n 10 3 

1 IPnS s ID- 1 

1 

i ttdij s nr J 

i W32 11 ) J 

Kg / c m - 

1 1J JU 

ID 

J S% ID 

o t)7s % ur 1 

7 m s ID 3 

i 

D SOt) X H> 8 

I )ynes/( in 3 

i r.oi 

io- r 

* D,,UI0- fl 

0 NOD , 10" 7 

7 TDl <1D- 1 

l oios %]tr° 

1 


of pressure upon tlie electrical resistance of 
ix conduetm may he used, hut the data 
iiocossaiy ior the calculation ol tho effect are 
in general insufficient to enable such a gauge 
-bo be calibrated except by comparison with 
aurothcu loim ol pnssuio gauge A gauge m 
•which tho compression of a gas is utilised 
pronorally roqunos comparison with a standard 
p^uigo, not bet arise tho properties of gases 
liuvo not been sufficiently examined, hut 
Jhusiuhc tho elastic proper ties ot the containing 
vessel are not sulhuontly accurately known 
Tim usual type of gauge utilising tiro clastic 
( for matron of a body suffois from tho same 
disability, since the clastic proper lies of metals 
to a certain extent variable 
Tho particular type ol gaugo adopted 


§ (2) Primary Manometers — These mano- 
meters aio such that they can he eonstiuciod 
and calibrated without reference to any other 
form ol pressure gaugo Tho most common 
form is that m whuh a liquid column ol 
known density is supported by the pressure 
to be measured Tho calibration depends 
upon tho determination of tho density of tho 
liquid and the provision oi an accurate scale 
ol length Tho eorioetions that may ho 
necessary loi tho height ol tho meniscus 
capillarity and change ol density with pressuio 
can bo applied from the physical properties of 
tho liquid used, which pioportios aro generally 
known 

The second class of piimaiy manometer is 
the loaded piston, m which tho actual pressure 
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upon a small piston is weighed This gauge 
depends only upon the accurate measurement 
of piston and cylinder and upon the accuracy 
of the weights used Some gauges mentioned 
m this section as pumary gauges require 
comparison with another standard m order 
to obtain the highest accuracy As an 
example the closed mercury column requires 
correction for the deformation of the vessel 
containing the gas, which deformation may 
cause cirors m the volume calibration , and the 
loaded piston gauge, m which the load is 
applied by a spring, requires at least a separate 
calibration of the compression of the spring 
which cannot be accurately calculated from 
its dimensions In both these cases it may 
be more convenient to calibrate by comparison 
with an open column or dead weight piston 
gauge than to determine the unknown quanti- 
ties independently They are treated, how- 
ever, m this section owing 
to their similarity to the 
■** ' othei types of gauge here 

described 

§ (3) Open Liquid 
^ Columns — If the differ- 
ence m height between the 
top of a column of liquid 
open to the atmosphere 
and the surface subjected 
to the pressuie is observed, 
the pressure above the 

atmospheric pressure can 
be determined when the 
density of the column at 
eveiy point is known 

Whatever the liquid em- 
ployed the temperature 

must be observed, m 
cider to detormmo the moan density, and 
a coriection must be made for the meniscus 
at the top of the column, and for the 
temperature of the scale used Foi small 

piessuies the liquid omployod is generally 

water, and the simplest form is that used 
for measuimg the pressuie m gas mams or 
the pressuie m tho bellows of an oigan The 
gauge can ho constructed m a few minutes, 
since it consists of a piece of glass tubing A 
(Fkj 1) fixed to a board B, with a scale C 
capable of small adjustment vertically Tho 
piessure is represented by the difference m 
height between tho two columns of liquid, and 
if tho pressure is stationary the meniscus will 
bo similar m each tube, so that no correction 
is lequnod, provided that a similar pait of 
the meniscus is observed m each case The 
scale is usually marked m half size units, so 
that when it is set to read zero for zero 
pressuie, the pressure is determined by the 
loading of either column without reference to 
the other It must be noted that if the zero 
is set to tho top of the meniscus, tho top of 


the meniscus must bo observed m all othei 
observations, and similarly for othei settings 
of tho zero 

In practice the unit of pressuie used is the 
unit of height of the column , for example, an 
oigan-bmldei speaks of the ** weight ” of the 
wind being 4 inches of water, moaning that a 
gauge of this typo, filled 
with water, shows 4 inches 
difference in height bo- 
tween the two columns, 
and the Board of Trade 
regulations state that a 
gas company must supply 
gis to its customeis at a 
pressure of at least 
inches of watei One inch 
of water coi responds to 
030 lb pei squaio inch 
appioximatcly, tho exact 
figure depending upon tho 
temper atuio of the watei 

This gauge must be m 
a tiuly vcitical position 
when m use, otherwise tho 
reading will be mcoircct 
If tho gauge is set to 
zero coirectly and after- 
wards becomes tilted at an 
angle a from tho vertical, 
tho true pressure height 
h= II cos a -h d tan a, where 
H is the diffeicnce of read- 
ing on tho scales and d 
tho distance between tho 
tubes If tho scale linos 
are marked at right angles 
to the tubes tho zero can- 
not bo set unless the gauge 
is vertical, foi any tilt 
shows tho error d tan a, 
by tho diffoienco of head 
when tho piossuie is re- 
moved 

Foi lnghei picssuros 
tho only suitablo liquid is 
moicury, and a column of 
mercury is usually em- 
ployed by makers of gaugos 
as then absolute standard 
of piessure up to 300 oi 
450 lbs per square inch (20 30 atmospheres) 
An exceptionally high meremy column has 
been installed upon tho Eiffel Tower at 
Pans 

A similar constiuction can bo omployod to 
that described above, and for piossures up 
to one atmosphere this is ofton adopted 
For larger pressures it is usual to employ one 
column and a largo reservoir for tho moicury 
at the bottom Fig 2 shows a meiouiy 
column of ordinary construction foi measur- 
ing pressures to 200 tbs per square inch, or 
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14 atmospheres A is the roservon fox the 
mercury <.md R a sm ill gauge glass for indicat- 
ing the level in the resci voir C is the column, 
D ]omts m the column, and E the scales, and 
F the boaid upon which the parts are fixed, 
and which itself must be fiimly fixed to a 
veitical wall Glass tubing suitable foi tho 
puipose can bo purchased m 10-ft lengths, 
but these have to be caiefully selected, since 
the majonty of tubes are not sufficiently 
straight A joint such as D 
occms at every 10 feet, and it is 
a gieat drawback to tho usual 
i<wi construction that a certain piece 

{HyJI || of the column cannot be obsei vcd 
at each joint This can bo ovoi- 
como at considerable expense by 
duplicating tho tube, piovidmg a 
second column fiom the same 
icsoivoir with tho joints m posi- 
tions diffeimg from those m tho 
first column Another and bottci 
way is to construct tho tube as 
shown m Fig 3, whore tho mam 
tube 0 is of steel, and at each 
joint a valve V is provided, allow- 
ing the mercuiy to flow into a 
glass tube G alongside, which is 
piovided with a scale E When 
one tube is full, tho valvo is 
closed and tho readings foi lughoi 
pi ensures obtained m tho next 
tube above Each tube oveilaps 
tho ono above, so that tho scale 
leadings can bo checked It is 
moio expensive than the usual 
form, and requires a double 
quantity of mercuiy, while 
provision must bo made for 
catching tho o vox flow fiom 
-B all the gaugo glasses if the 
piessuro is accidentally 
laisod to too great an ex- 
1 ?ig s tent , but tho convcmenco 

of being able to obtain con- 
tinuous readings and tho less cost of replacing 
a bioken gaugo glass compensate for tho extia 
cost ol construction 

Tho boat fluid for applying tho pi ensure 
to tho column is air, owing to its cleanliness, 
and also because a very small coirection for 
tho height of tho air column above the liquid 
is required Tho an should bo contained in 
a gas bottle provided with a valve capable 
of veiy lino adjustment However slightly 
tho valvo is opened, tho piossuio will gradually 
nso to tho piossuio m the bottle, so that when 
the desirod piessmo is icached tho valve must 
bo completely closed When the column is 
used foi calibiatmg other pressuio gauges, it 
is advisable to piovide a small leak valvo, 
capable of fine adjustment, and to keep tho 
prossuro valve slightly open, When tho 


il 


column leaches the desired height, the leak 
valve is caiefully opened to a small extent, 
and the piessmo can thus he kept perfectly 
constant whilo observations are made Tho 
ineitia of a column of mercuiy is very 
considerable, so that it is not possible to 
obtam accurate leadings while it is m 
motion 

An attachment, which is seldom fitted, is a 
means of lowoimg tho moicury below the zero 
pomt when the apparatus is to he left out 
of uso foi some time Thcic is a definite 
chemical action of tho mercuiy on the glass 
which causes the gliss to become clouded at 
the surface of the mcicury aftci a time, and 
this lapidly pi even! s tho position of tho zero 
being obsorved It is always noccssaiy to 
check tho zoio level m the column and m the 
icsoivoir, smeo this depends upon the quantity 
of mcicmy piesent Ono method of preserv- 
ing dearness at this position is to leave the 
column with a small piessuie, say \ atmospheio 
in at all times, so that tho clouded positions 
aro cleai of tho zero points 

It is an advantage to havo all the tubes of 
tho column of the same size, and a leservoir 
of umfonn section , foi the depression of tho 
zoio is then piopoitional to tho height, and 
an observation of tho level m the leservoir is 
unnecessaiy at every leading The reseivoir 
being much iargoi than tho tube, the meniscus 
m the resorvon is difleient from that m the 
tube Tho leseivoir is always so large that 
no correction is lcquucd loi tho height of the 
meniscus , hut tho gaugo glass showing the 
level m tho rcsoivon is invariably so small 
that the correction for the meniscus is gicater 
than for tho column tube If, howevei, tho 
column is always used ior stationary pleasure 
and tho zoio is sot foi definite positions on the 
monisms m both tubes, no error occuis if all 
loadings aro taken at tho same position of 
each meniscus II the column is m motion, 
oven to a small extent, an onoi is introduced, 
for ono meniscus is flattened and the othoi 
raised by tho motion Tho amount of this 
onoi can be determined by taking observations 
with tho piossuio using slowly and then with 
tho prossuio falling slowly With tho oidmary 
size ol tube (10 mm ) and a movement of 
I cm per mmuto, the difleienco will be found 
to bo about 2 mm 

Tho height of the meniscus is dctei mined 
by tho size of the tube and by tho condition 
of tho surface of tbo walls It is advis- 
able to uso as largo a tube as possible, 
but tho laigex tho tube tho greater tho 
inertia of tho column, which m some cases 
is a disadvantage In any caso, whether 
tho tube is largo or small, tune taken m tho 
careful cloaiung of tho walls of the tubes is 
well spent 

In most cases a mercuiy column is erected 

O Q 

U O 
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passing through several floors of a building, 
and the temperature varies greatly as different 
parts The temperature can be equalised to a 
certain extent by forcing the mercury to the 
top several times and allowing it to fall 
rapidly m order to mix the mercury up m 
the reservoir The temperature of the mer- 
cury in the reservoir can then be taken as 
representing the mean temperature of the 
column The scale is generally constructed 
of steel, and if the scale is conect at d x ° C 
the divisions will be larger as the temperature 
increases and will compensate in a small 
degree the change m density of the mercury 
Thus the reading reduced to 6° C will be 
i)), where H 18 tlie observed 
height, p 2 the density of mercury at tempera- 
ture 0 2 °, and the density at the standard 
temperature 0j°, and a the coefficient of 
expansion of the scale At oidinary room 
tempeiatures the simple expression 

H^H^l -( 0001818 -a)(d 2 - 0*)} 

may be used to give the corrected height H x 
at the standard temperature 6 ± In order to 
obtain great accuracy the whole column and 
scale should be enclosed m a water bath 
kept at constant temperature , but this is 
not convenient except in the case of very 
short columns 

The difficulties experienced m the use of 
columns are (1) the correction for tempera- 
ture , (2) the meniscus correction , (3) the 
inertia of the column when the pressure 
changes , and (4) the elimination of parallax 
errors m reading off the levels 

The first of these has been dealt with, and 
the memscus correction when necessary can 
be made from the tables of capillarity de- 
pression The error due to a movmg column 
cannot be exactly allowed for, so that for 
great accuracy a steady pressuie must be 
maintained The parallax error makes it 
necessary that a lift be provided to carry the 
observer to the exact height required Even 
then great care and experience is required to 
avoid small errors of this kmd 

The error due to parallax can be completely 
avoided by dividing the scale on a piece of 
silvered glass and placmg it behind the column 
The surface of the mercury and its reflection 
together with the nearest scale division and 
its reflection can then be made coincident 
The first impression of such a scale is a con- 
fused mass of lines, but a few minutes’ practice 
enables an observer to place his eve m the 
position to obtam the necessary coincidences 
of Imes and reflections These scales are 
easily made with a dividing engine, either by 
ruling the lines with a diamond or by coating 
the glass with wax in which the lines are out 
with steel tool and then etching the glass 
When the lines are cut with a diamond it 


is unwise to cut up to tho edges oi the 
glass oi fiactuio may easily otem HU hod 
lines can be earned to tho edge since tho 
etched line is not so shaip as the diamond 
scratch 

When a mercury column is required to givo 
certain definite piossuio leadings only it, can 
be made with a steel containing tube into tho 
walls of which insulating plugs each carrying 
a platinum wire aio inserted These platinum 
wires thon act as contacts which by com- 
pleting an electric eiicmt indicate when that 
particular height is reached This aimngo- 
ment is voiy convenient ftn marking oft tjio 
dials of pressuie gauges m numbeis, tho cur- 
rent operating a magnet which marks tho 
position of tho index hands on the dials and 
at tho same time operating a mechanical 
switch which cuts out tho circuit and makoH 
the on cuit of tho contact next above hi 
this case tho piossuio is general I y kept slowly 
increasing, tho enoi duo to tho inertia of tho 
meicuxy m tho column not being oi importances 
m the marking oi gauges ioi gone nil use 

In calculating tho total pressure duo to a 
column oi liquid it is eleai that tho total 
volume of mercuiy is not defined by the height 
to tho top ol tho meniscus or the height to 
the bottom of tho memscus That is to say, 
the volume of the meniscus should he allowed 
for Tho meniscus height depends upon tho 
condition of tho surface of the glass and tho 
boro of the tubo 

A further correction is ncodod fm tho 
capillanty of tho tubo which occurs with Iho 
liquid employed J1 the liquid wets the glass, 
as m tho case of watei oi oil, the liquid stall c in 
too high and a negative collection is requited 
for the capillanty If, on the other hand, a 
liquid such as mercuiy is used, which does not 
wet tho glass, a positive collection for tho 
capillarity is lequirocl, the liquid standing at 
too low a level 

It is, m most cases, possible to avoid all 
corrections of this kmd, fm if the gauger gla hh 
is of uniform section and cleanliness, tho 
correction will bo constant, and d tho sanro 
portion of tho meniscus is observed at all Union 
the correction is eliminated 

In any mercury column the joints between 
the lengths of glass tubes icquue careful 
making The stuffing boxes lor tho tubes 
are generally packed with mdia lubber rings, 
which prove quito successful. All metal 
fittings must, of couiso, be of non or steed, 
and if joints are required between such pieces, 
care must bo takon that the jointing material 
does not broak away on the inside, all such 
pieces of dut floating to the top of the column 
and spoiling tho surface of tiro mercury. 
Plane-faced metal joints can be used, but 
requiro considerable mechanical skill m manu- 
facture A metal cone joint can bo used 
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without packing If packed joints are used, 
a plun piece of papoi, or pipei soaked m 
gold sue, is satisfactory In the lattei case, 
the gold swe must be allowed to set haul 
befoio the moicury is mtioduced A spigoted 
joint with a papei 
img can be made 
pojfoctly satis- 
factory ioi any 
reasonable piess- 
uro (see Ftg 4.) 
Valves must be 
designed so that 
no an pockets can 
be foimed m tho 
column of liquid Mercux y column tubes should 
not be less than 1 cm boic Although tho 
initial cost of the meieury is mcieased by 
me leasing tho boio, yet tho saving duo to tho 
ease ol cleaning and the greater convenience 
due to tho smallei moniscus compensate for 
tho gi cater initial cost 
§ (4) Multiple Liquid Columns — In most 
labor atones it is not convenient to erect an 
open mercury manometer foi mmo than 
about 20 atmospheres owing to tho height 
lequned Eor highoi piessures three methods 
of i educing tho height of tho column can bo 
used (1) A senes of meicuiy columns with 
compressed gas botween them , (2) a compound 
mere my column with a souqs of U tubos filled 
partly with morcuiy and partly with a less 
dense liquid , (1) a closed moicury column or 
compiesscd gas manometoi 
A jS > ene& of Met cm y Columns 1 — -Tins form 
of gauge has been construe teel by Piofessor 
Kammerlmgh-Onnes at Loidcn Univoisity, 
tho maximum piessme available being 100 
atmospheres Tho principle of this gauge is 
shown m Fig f>, where 
l, 2, and 3 are morcuiy 
manometoi s of tho 
usual typo and which 
need not be of tho samo 
height Tho picssuio 
is applied to tho left- 
hand Jmho of 1 and will 
loieo tho morcuiy up 
m tho ught-hand tube 
which will compioss 
l,li o air between A and 
B Tho total piessme 
at the loft hand of 
will bo the sum of the differences ol height 
of the moicury m the senes of U tubes The 
eompiession of tho air m tho intermediate 
parts of tho tube would, howovoi, bo so gioat 
that a small pait only of tho total range of 
oveiy syphon exc opt tho fust could be utilised, 
This difficulty is obviated by admitting an 
at high piessme to tiro mtci mediate spaces 

1 ( lomrmmieations fiom the Physical Laboratory 
of the University of Leiden, No 41, 1898 




until the maximum dilfeicnee m height be- 
tween tho meremy columns m the various 
syphons is obtained The pleasure of the air 
m each column vanes, but all the spaces can 
ho filled to the lequned amount from a lugh- 
pi ossuio gas bottle and a reducing valve 
Thcie is a collection to bo applied for the 
weight of tho an column m each tube, which 
correction can easily bo estimated since tho 
pleasure m each space is known 

Fig 6 shows the end manometer and three 
intei mediate manomoteis of tho Ivammei- 
lingh-Oimes gauge Each intei mediate mano- 
mofei is used to read a piessme diffeienco 
of four atmospheres while subdivisions of 
this piessme aio read upon the left-hand 
manometoi Tho whole gauge contains 24 
intermediate syphons liho B, one end syphon 



A and also a small syphon foi final adjust- 
ment loading 1 2 atmospheres Tho whole is 
mounted upon the wall of tho laboiatory and 
tho control valves placed at a (onvement 
height The laigo pm turns of tubes B aio 
made of suitable thickness to withstand tho 
maximum piessmo leached m them and the 
1 /t^jvarios horn 6} to 9 mm according to tho 
prossme Tho observer is further protected 
from hurt if a tube bursts by a screen of 
plate glass The capillary connecting tubes 
are small and sluing enough to stand any 
reasonable piessuro To obtain an obser- 
vation tho lovol of tho meicuiy m the vanous 
bulbs of tubos B is adjusted as nearly as 
jiossiblo to four atmospheies for each tube and 
tho subdivision measured on a scale by tho 
tube A When filled with hydrogen, tho 
corieetion for tho head of tho gas column 
amounts to 9 ram foi a piessme of 36,000 mm 
of mercury and to 21 mm for a head of 
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76,000 mm The collection is thus small and 
the accuiacy with which a laige pressure can 
be icacl is very great Caie is lequned m the 
cleaning of the tubes and diymg of the gas 
used and the adjustment to any desned 
piossuie is a tedious process, but the accuracy 
of the readings is probably far gioater than 
can bo usefully employed 
g (5) Compound Mercury Column — In this 
gauge the intermediate spaces between the 
meicury columns are filled with a less dense 
liquid which compresses but slightly and the 
adjustment of the volume of liquid m the 
spaces is unnecessary A compact foim of 
this gauge is shown m Fig 7, where the U 
tubes A are made up of stiaight glass tubes 
and metal joint boxes, ananged diagonally 




so that the upper column appeals on the one | 
side of the apparatus and the lower column 
of each tubo on the other side Each tube is 
1 0 feet long so that each syphon gives a pressure 
of appi oximately four atmospheres A number 
of valves V are provided, those at the top for 
filling the upper part of the columns with 
an fico oil or wator and those at the bottom 
for adjusting all tho mercury column 0 (j0 the 1 
same height at zero pressure The^qmhei 1 
of syphons m use is varied by openSg^mfe 
valve V at the top of tho last column to be 
used If n columns are in use the total 
piossuie P where p is tho pressure read 
by each scpaiate syphon A correction must 
be applied for the compressibility of the oil 
or water used and the need for the correc 
tion is shown by the variation m the height 
differences m the syphons Two measuring 
microscopes M are provided, one on each side 
of the apparatus The adjustable frames 
cairymg these are adjusted to the height 


required and the diffeicnce m tho columns 
read off by moans of an eyepiece miciometcr 
The value of tho height readings of a com 
pound mercury column m units ol mere my 
can be represented by H=/i(I -pjpi) where h 
is the observed height, p L the density of 
mercuiy, and p 2 the density of tho liquid 
The ratio p z /p t will vaiy at diffotent picssuus 
because the compressibilities aio not identical 
The mean density foi the whole column will 
be one halt the maximum density and tho 
compressibility of mercury cannot be neglected 
at high piessuics if groat accuiacy is icquned 
An open mercuiy column oi gieat height 
must be collected foi the mean density of 
the mercury The compressibility of meicmy 
is 3 76xl0~° per atmosphcio, so that the 
observed height should bo multiplied by tho 
following constant at tho picssiucs stated 


Pressure in 
Atmospheres 

Multipliei 

20 

1 000038 

50 

1 000004 

100 

1 000188 

150 

1 000282 


The correction amounts to 3 paits m 
.10,000 at 150 atmosphoics, a quantify which 
is negligible loi most woik 

The compressibility of tho second liquid 
used m a compound column is more than that 
of meicuiy and the tiuo height m mcicuiy of 
standard density is 

H=fc{l-J|(l l JA(Oj - Cjj 

very nearly Wheio A is the prossuio m 
atmospheres and 0 lt 0 2 tho compicssibihty 
of meicuiy and the liquid respectively 
The following table gives the value of H/h 
for compound columns filled with (1) moiouiy 
and watei, and (2) mercury and olive oil 
Densities at 15° C- water 0 9001, olive 
oil 0 92, meicury 13 558 (lompu'HsibililieH 
per atmosphere - watoi J 9 5 x 1 0~° , olive oil 
63 3 x I0" 6 ? mercury 3 7 (> x 10"° 


Pressure 

ir 

h 

n 

ll 

0 

92632 

93229 

50 

92023 

9 1219 

‘ 100 

92614 

93209 

150 

92605 

93199 


From the table above it will bo scon that 
for pressures up to 150 atmosjiheres tho 
multipliei is constant to 1 part m 1000, and 
that it is only for much largoi pressures ox 
for a higher order of aocuiacy that tho com- 
pressibility is of great importance 

It must be noticed that it is assumed m 
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the above that all the mcicury surfaces, are 
c o vc‘i (h! with the second liquid This need not 
be the i ase m the fust and last tubes, for 
the list may bo open to the atmosphere and 
the Inst to the piosamo supply which may be 
a gas When several tubes arc in use, how- 
('voi.tho oiioi pioduced (which can be allowed 
loi if neeossaiy) is veiy small 

The following table gives the constant of 
a compound gauge of moicury and the other 
liquids mentioned The values H /h aie for 
atmosphono pleasure, but the compressibihty 
is given so that the constant at othei press- 
uies can bo calculated as shown above 

TviiMQ OB' 111 VSITII- S AND COMPRESSIBILITIES 
oi Liquids 


Liquid 

Density (l r >°) 

n, 

7 i 

Uompressi 
bility per 
Atmosphere 

Alt ohol(Klhyl) 

702 

9416 

77 x 10-« 

( ‘hloioUu tu 

1 525 (0° ( ' ) 

887b 

9 5 x 10- 8 

(U><oiino 

X 2b 

0071 

25 y 10~ 6 

JM< 'it in v 

LI 558 

1 

3 76 \ 10“ 8 

<>lt\e Oil 

02 

9321 

03 3 x ] Q~ Q 

V u aihn 

80 

9410 

02 7 x 10 -(! 1 

Water | 

0001 

9263 

49 5 x 10~ 6 


* \ l -fl- ^tvoCluiiU* 1 \ At about 15° 0 and 
h \ density ot memuyy 
atmosphoib pnssiuo 

j The < ompiesubilitv of water falls as the pressure 
uses At 1000 atmospheres if is about 37xl0“ ft , 
and at 2500 atmospheies about 26 \ 10 8 The 
ilgmes given for all subsl mces will be found suffi- 
ciently collect foi pressures to 200 atmospheres 

(()) (Jlosi8d Mercury Column or Com 
vrwsshi) Cas Manometer — In this gauge 

tho ooinpiossion of tho gas is the measure of 
the pressure and the mercury 
column is used as an indication 
ol tho volume of tho gas In 
Fvf 8, A is a strong vessel of 
stool in which is fixed a glass 
i vessel 13, tho upper end of 

i which is a tube protruding 

! from A through a stuffing box 

At tho lower end of B is a 
pjpf 8L- small curved tube filled with 

pL Ac moicuiy and aotmg as a seal 

Kg ■** to prevent loss of the gas on- 

° * Jj closed in B Tlio uppei part 

|| A ol B is graduated and tho 

t |§|U volume hom tho top to each 

"1*2 r giaduaUon and the whole 

, . " volume must be determined 

j t , 8 The vessel A is filled with 

sufficient mercury to reach 
above the small iubo at the bottom of B and 
to till the tube B, When pressure is applied to 
the moioujy in A, it entois tho tube B and 
oomxHOHflOB tho gas mto tho upper graduated 
cud No reading can bo taken until the gas 
is sufficiently compressed foi the mercury to 


appear in the exposed part of the tube The 
volumes of the lowei pait and tube must be 
arranged so that for the range of pressure 
desired the mercury can be seen m the tube 
It is sometimes necessary to add a bulb at 
the top of the tube for this leason 
If the gas obeys Boyle’s law and is com- 
pressed at constant temperature, the pressure 
m atmospheres is given by P=V 1 /V, where Y 2 
is the volume of gas at a pressure of one 
atmosphere and V is the observed volume 
The manometer is best filled with hydrogen 
for winch gas the departure from Boyle’s law 
can be represented by a simple expression, 
and P=l/ [(V/Vi) - 00066} atmospheres 
The correction for temperature is somewhat 
difficult and should be eliminated by immers- 
ing the apparatus in a bath at constant tem- 
perature The height of the column of mercury 
varies with the pressure and must be added 
to the pressuie obtamed above 
This gauge is not capable of very accurate 
observations over a large range since the 
scale length is limited, but the gauge is fairly 
compact, and if proper care is taken m the 
measurement of the volumes, m filling with 
pure and diy gas, and m keeping the tem- 
perature constant, it is a reliable primary 
gauge 

§ (7) Loaded Piston Pressure Gauges — 
In these gauges a piston of known area is 
loaded with a measured weight from which 
the piessure acting upon unit area of the 
piston can be calculated For this purpose 
it is necessary to construct a cylinder and 
closely fitting piston, free fiorn friction and 
leakage The load is sometimes stationary 
and applied by a lever to the top of the piston, 
a pivot or ball bemg used to i educe the 
friction when the piston is rotated The 
rotation of the piston is necessary in order 
to reduce the friction The friction is further 
reduced if the load is allowed to revolve with 
the piston, which eliminates the frictional 
loss behind the point of the piston This 
friction does not directly influence the pressure 
measurement but increases the power required 
to maintain the rotation of the piston In 
older to obtain accurate measurements, it is 
advisable to have no rotating force beyond 
the inertia of the piston and load while 
ma kin g observations The pressure is pro- 
poitional to the load and inversely propor- 
tional to the area of the piston, so that for 
high pressures the load must be very large 
or else the area must be very small If the 
area of the piston is small it may not be strong 
enough to support the load, but on the other 
hand, if the load is large the instrument 
becomes unwieldy and slow in operation 
This difficulty has led to the constiuetion of 
differential pistons m which the pressure is 
applied between two pistons of slightly different 
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a, and m one case at least the gauge has 
been constructed with the weight hanging on 
the piston, thus putting it in tension instead 
of completion This anangement gives two 
leakage areas instead of one, which is a 
divide antage 

Several types of this gauge are shown m 
Fkj 9 («) shows the simplest form m which 

the piston is m compression, and must be made 



stiff enough to withstand the load A is the 
cylinder, B the piston, and C the load, and it 
is dear that the piston and load can be rotated 
without any difficulty ( b ) is a s imi lar gauge 
loaded by means of a lever E A ball bearing 
should be interposed between the pivot and 
the piston so that the latter can be fieely 
rot ited This form generally requires that the 
piston be mechanically rotated continuously, 
winch shghtH reduces the sensitivity (c) 
show* a similar gauge loaded with a spring 
Ci and has some disadvantages m that the 
spring must be accurately calibrated and, unless 
its motion is gieatly magnified, gives a veiy 
short scale It also requires a much longer 
piston than the other patterns, and this long 
piston must be of uniform area (d) shows a 
differential piston m which the pressure is 
applied to the piston B x working in cylmdei 
Ai ana transmitted to piston B 2 m cylinder 
the pressure on winch may be measured 
by a mercury column or other means This 
gauge has tw r o leakage surfaces, and the two 
pistons must he perfectly m hue Some 
complication is needed to obtain the desired 
rotation of the pistons (e) shows a differential 
gauge in which the piston is turned to two 
diameters, B, and B s , so that the effective ajea 
IS the difference between the areas of the two 
parts This arrangement allows the piston to 
be put in tension instead of compression, and 
smee the effective area may be very small, 
the load may be very small for a large pressure 
It requires very accurate workmanship to keep 


the two paits of the piston and ol i In » \ btidoj 
truly a vial, it has two leakage 'inlati ** and 
requites evtieme atcurai y m flit m< onu 
ment ol the piston duuiu tins to kttp Urn 
difference ieasonably tuoimih (/) i i iui 
inverted foim of (<’)> wluefi him bun used 
with somo success foi piensuieH up to 1 turn* 
per square mob, but since the ptsffue tamid 
bo lotated, a small (mediation ol lorn (fmn 
120° being possible, the' gauge jh not at all 
sensitive 

Of all those typos (a) is the best, b< mp flu* 
easiest to constant and mutable for the iiedn at 
pies&uios if eaze is taken m mnmilat tun It 
is also an evtromely Hoimitne prime, and in 
orclmaiy work will measuie pr< teams nmie 
quickly than a menuiy jnatumielet and with 
equal accuiaey It. is not poKublo to make 
this gauge veiy sensitive lot prossim < be low 
4 atmosplieios, however, and Ini piemans up 
to this a mciemy nmnmnetei m belter 

The typo of gauge to bo dmiilxd m that 
which has pio\od most aeoiuale ami w hoEh e, 
and is m uso foi meiiHimug pitmans hotn 
30 lbs to 24,000 lbs poi sq m it our ruin 
of a plain gioiind piston of hiinUned hit el, 
fitting a lappocl hole m a steed ( vlmdei, The 
motion of the piston for the small s jh 
restricted to } m m oidei to jechue tin 4 length, 
since the intensity of stum ih very high mule i 
high piebsure The pistons \aiv"m M/e horn 
0 2 sq m Jor mo'iHinuig presumes U]» to 
1200 lbs sq m (BO atmos ) to 0 01 iq in. 



for pressures up to 1 M ,()00 llw, nip nu (1(500 
atmos) Tho hugest one will xmuihiuc pitHM- 
ures as low as B0 lbs sq, m (2 atmos with 
ran sensitivity), 

10 shows tho dotiuls of instillment A 
is the piston provided with a Imltou «t. tlu> 
lower end to pi event it iroin leaving the 
cylinder, and a separata hand fixed j„ f]„, 
piston by ft gin I) screw li m the e> tinder 
turned out of a piece of tool «t< cl and moulded 
on column C of mild steel attache <! to the 
test apparatus Tho spherical head of Urn 
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piston is slotted on one side and cariies a 
In ass oi aluminium tubular frame I) with a 
lodge at the lowei end The head of the 
frame has a small pm E entering the slot m 
the spherical head of the piston, and thus 
onsunng that fiame and piston i otate together 
The load consists of annular weights of cast 
iron passing ovei the fiame and resting on the 
ledge 0 pollings aie made m the upper part 
of the fiame, so that the position of the piston 
can bo observed 

Thomsit umonfc is very simple m constiuction, 
and the only chlheulty m manufacture is the 
gi mdmg of the piston and lapping out of the 
cylinder The pait of the piston working 
within the cylinder must be paiallel, and it is 
advisable to have it of exact size, so that the 
aiea may he a simple fiaction of an inch 
The weights aie then oatefully cahbiated 
weights of standaid values, and no correc- 
tion factoiH aie needed Tho smallest piston 
lefeued to ibovo is 1J28<) of an inch m 
diamotoi, and foi all tho woikmg part of the 
piston this piston is on culm and paiallel, but 
it is not easy to make the piston to this 
at ciu at y, since the last ligure is not measuiahle 
by any but moasuung machines of the highest 
aceuuu y Tho piston m question was one of 
two which weie made together and giadually 
reduced to huo by cautious lapping until the 
figure inquired was obtained The second one, 
which was injected, vanetl but little fiom 
1 128(5 and would have boon accuiate enough 
foi any ordinal y work, hut not for a standard 
of pi oHsuie Tho oylmdoi was lapped out until 
the piston could just slide m by pushing, but 
without driving Tho cylinder cannot be 
measured dnettiy, and would be assumed to 
ho the same m/o as the piston, which fitted it 
thus tightly An attempt was made to measure 
it by duvmg a veiy soft copper i)lug into it 
and then measunng the plug The plug was 
found to measure 1128(5 of an inch, oi the 
Ha mo measuiomont as the piston The leakage 
hum these pistons is found to be exceedingly 
small, and the fiictoon is also very small If 
the piston is rotated with, say, 100 lbs upon 
it, it will continue m motion for some ten 
minutes, dm mg wlndi time the pressure 
tomams constant This has beon examined 
by means of an ordinary pressure gauge, 
with a microscope adjusted to show any 
movt'im'iitr of tho hand With a pleasure , of 
20,000 lbs per sq m it was found that 
tho hand <>i tho gauge unnamed stationary 
while the piston was rotating, but sharply 
took a now and definite position on tho 
addition o£ 001 lb to tho load, equivalent 
to l lb poi sq m 

A gauge of tins land must work with oil, 
as the lubricant for the piflton, and if the oil 
is at all acid, corrosion of piston and cylinder 
will take place, thus altering their dimensions, 


The best oil has been found to be the tasteless 
castor oil sold for medicinal pui poses The 
oil must be fieed from air, otherwise the 
sensitivity of the gauge is reduced very con- 
siderably and it is very difficult to get the 
minute oil bubbles out of the castor oil used 
In time, howevei, the air bubbles gradually 
leak out through the piston, and although the 
sensitivity may be small when the gauge is 
freshly filled, if a high pressure is kept on for 
a few hours and the piston kept rotating, the 
an bubbles will be removed and the sensitivity 
increased 

Eor use on pressure gauge testers which are 
filled with water a syphon arrangement must 
be used m order to keep the water away 7 from 
the piston * 

The effective area of the piston may he 
altered by the strain of the piston and cylinder 
under veiy high pressure The piston is 
subject to constant compression axially, and 
to varying compression radially, while the 
cylinder is enlarged by the internal pressure 
varying from the full pressure at the bottom 
to zero at the top, and also to axial stresses 
varying according to the manner of fixing 
The effective area of the small piston referred 
to above is calculated to be one part in 10,000 
more at 20,000 lbs per sq in than at small 
pressures 

Gauges of this type have been constructed 
by Mr Bridgman of still smaller diameter and 
for measuring higher pressures 1 The pistons 
of these gauges were very small and weie not 
specially ground to fit, suitable pieces of hard 
steel wire being selected To reduce the 
leakage, the fluid used was a mixture of 
molasses and oil 

§ (8) Secondary Manometers — These 
gauges must be calibrated by comparison with 
a primary gauge, smee the properties upon 
which they depend cannot be determined 
with sufficient accuracy to enable their true 
c alibi ation to be calculated Most gauges of 
this type depend upon the elastic deformation 
of some metal pait, and it is often possible to 
copy the dimensions adopted for a calibrated 
gauge in order to reproduce similar gauges 
having the same calibration 

The types of gauge described later for 
determining the maximum pressure to which 
they have been subjected are generally cali- 
brated by comparison with a primary gauge 
or a calibrated secondary gauge, although 
those depending upon the reduction m volume 
of a confined volume of air are capable of 
construction as primary standards The 
difficulty of determining the volumes and the 
deformation of the envelopes makes it a more 
practical matter to obtain the calibration by 
comparison with another type of gauge The 
methods of measurement mentioned m this 
i Am Acad Troc , 1909 - 10 , xhv S 
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chaptei aie those chiefly used, but there aie I 
many other propel ties of materials which | 
might be utilised foi the purpose undei special 
circumstances 

§ (9) Elastic Gauges — The majority of 
pressuie gauges used belong to this type and 
depend upon the elastic properties of some 
metal part In all cases it is most important 
that the elastic limit of the material is not 
approached, since this will lead to a continual 
change m the zero of the gauge They all 
show a certain k< hysteiesis ” effect in that the 
calibration as the pressure increases does not 
agree with the calibration as the pressuie 
decieases This effect is small if the maximum 
stress m the material is small A small stress 
necessarily entails a small strain and con- 
sequently the actual motion produced has to 
bo magnified by mechanical or other means 
m order to obtain a readable scale The 
mechanism employed for the magnification 
of tho motion introduces errors m the readings 
due to friction and general slackness of the 
parts The eriors arising from this cause are 
often greater than errors pioduced by imper- 
fections m the elasticity of the deformed 
member Eor spocial purposes it is always 
possible to obtain a more accurate gauge by 
dispensing with the mechanism and using an 
optical lever system The great advantages of 
elastic gauges, however, are their compactness, 
portability, and general handiness, all of 
which are lost when the optical system js 
introduced 

§ (10) Schaffer Diaphragm Gauge — The 
manometer is the 
Schaffer diaphragm 
gauge (Fig 11) 
The diaphragm A is 
subjected to press- 
ure on its lower side 
and tho motion of 
the diaphragm com- 
municated to the 
rod B which carries 
a rack at its upper 
end gearing with the 
pinion 0 This 
pinion is fixed to 
wheel D which gears 
with the small wheel 
E attached to wheel 
E which m turn 
gears with the small 
wheel to which the index hand is attached 
This somewhat complicated gear is necessary 
owing to tho small motion of the diaphragm 
permissible, and the great advantage of the 
Bourdon tube gauge to be described later is 
the more simple mechanism required This 
gauge, however, is still occasionally used on 
traction engines and machinery subject to 
Tibration, smee the natural period of vibration 


simplest form of this 



of the diaphragm is much less than that of a 
Bouidon tube suitable foi the same pleasure 
For laboratory work this type of gauge has 
some advantages m that it can be construe ted 
m any ordinary workshop, and by the sub 
stitution of an optical lover for the geaung 
and index an open scale of pressure can be 
obtained 

§ (II) Bourdon Tube Gauge— The most 
common foxm is the Bourdon tube gauge, 
which is used universally for measuring laige 
or small pressures In this gauge the pressure 
is applied to the inside ot a tube of bionze oi 
steel, generally oval 
m section and bent 
into tho aie of a 
circle The effect of 
the internal pressure 
is to increase the 
radius of cuivature 
of the tube, and one 
end being fixed to 
the case, the motion 
of the other end is 
utilised to operate 
an index hand by 
means of a rack and 
pinion The limit of 
elastic doformation 
must not be approached, otherwise the tube 
will take a gradual permanent set and the 
gauge readmgs will mcioaso The gauge is 
shown in Fig 12, wheie B is the tube fixed 
to the case at A The fieo end of tho tube 
is connected to a quadrant rack D by a link C 
The rack D gears with a pinion E, on the 
shaft of which the index hand is fixed A 
small restraint is added m the form of a hau- 
spring E 

If tho tube is made very stiff, the magnifica- 
tion must be large, and unavoidable slackness 
m the pm joints will produce uncertainty m 
the leading In ordei to redueo tho magnifica- 
tion makers generally allow tho tube to deform 
more than is advisable, and most gauges aro 
much more constant if worked to about 75 
per cent of their designed load, A gauge of 
the cheapest type, calibrated to 75 per cent 
of its mtonded maximum, has been found to 
give exact repetitions of its reading foi several 
years The scale division of tins gauge, how- 
ever, was smaller than that of a si and aid gauge 
for tho same pressure 

The Bourdon tube gauge is the most con- 
venient pressure indicator for a largo scope 
of work, because the gauge quickly roeoids 
any change of pressure, which can ho read 
off directly on the dial These gauges can 
bo purchased for any range of picssuxo, such 
as vacuum up to zero, vacuum and pleasure 
from 0 to 10 lbs, and any lango of pressure 
from zero to 5 lbs per sq m , or zeio up to 
12 tons per sq m The usual sizes made havo 
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6" and 10" dials, but smallei and largei dials 
t an also bo obtained The mechanism is not 
always mcioased m si/e for the larger gauges, 
tho dials being enlaiged and the index hand 
mei eased in. length and breadth simply to 
enable them to be lead fiom a considerable 
distance 

(i ) The dials of gauges of this kind must be 
carefully chosen Tho index hand should 
move as close as possible to the dial, but must 
not to in h it at any point of its motion Con- 
Hideiablo paiallax eriois can bo obtained if 
tho index hand is a small distance fioin the 
dial, and practu e is icq uned before an observer 
instinctively places his eye in tho tiue position 
to avoid this Tho index hand itself is made 
of eonsidmablo width foi oichnary gauges for 
engineering purposes because it is moieimpoit- 
ant that it should be easily seen than that 
the piessuio should be obseived with great 
iterui aey hoi laboratory woik it is convenient 
to xoduco tho width of the pointer almost to a 
point and, gonoiaily speaking, the dial is better 
mmkod in dots than in lines A veiy general 
fault is for tho index hand to oveilap the 
divisions, which lcndois accurate reading im- 
possible When greater accuracy is required, 
the pointer should bo flattened to a knife edge, 
turned edgewise and a minor let into the dial 
behind tho flattened part of tho hand This 
tumbles vei y act mate observations to be made, 
and eliminates tho cnor due to parallax This 
typo of dial can bo obtained to special 
oidei* 

Examples of the dials lofened to aie shown 
m Fig, 13, where (a) is the usual form of pointer. 


N 



which is hIiowu overlapping tho divisions — a 
very common fault , (b) shows the fine point 
with tho scale marked in dots, the best 
method of marking, and (c) shows the re- 
flector scale type, which is recommended for 
special work 


(n ) Ova hauling a Gauge — If a nev gauge is 
obtained, it may be found that its motion is 
liregulai, the pomtei setting at different places 
each time it is tapped An examination of the 
mechanism may show that small particles of 
metal dust have been left m the case and have 
fallen between the pinion and the rack, and a 
thorough cleaning with a camel’s-hair brush 
loaded with petrol may put the gauge right 
If the fault still remains it may be that the 
lack and pinion do not mesh sufficiently 
closely m gear, a pomt which can sometimes 
be rectified Oi it may be found that the 
pinion shaft is not cncular, which must be 
put right before the gauge will be satisfactory 
It should be noted that the mechanism is 
somewhat delicate, and the index hand 
should only be removed by means of a 
special little drawing tool, as shown m 
Fig 14 The jaws A press on the back 
of the boss of the hand, and the screw 
point B presses against the spindle A turn 
of the sciew will then remove 
the hand without bending the 
pivot To replace the hand it 
must be pushed straight on in 
the correct position and then 
tightened by a tap with a 
very light instrument-maker’s 
hammer , it is not possible to fig 14 
put the hand on loosely and 
then twist it mto place without risk of damage 
to the mechanism 

If an old gauge is suddenly found to behave 
eiratically, it will generally be found that the 
tube is punctured, although the hole may be 
so small as not to be found easily In such a 
case the gauge must be letumed to the makers 
for a new tube to be fitted 

(m ) Correction for Tempei atm e — If a pressure 
gauge is required to indicate small differences 
of piessurc, it can be calibrated at different 
tempcratuies and the readings corrected 
accoidmgly It is necessary to choose a 
gauge of good quality which repeats its read- 
ings neaily exactly whether the pressure is 
rising oi falling, and to have the knife-edge 
index with mirror shown in Fig 13 (c) The 
curve of corrections at any constant tempera- 
ture cannot be represented as a mathematical 
function of the pressure, since such corrections 
are laigely due to small errors m marking the 
scale of the dial It has been found, however, 
that the alteration to the correction at any 
particular pressure due to change of tempera- 
ture is a simple function of the temperature 
and pressure As an example a 10", 250-lb 
gauge was calibrated at 65° E as a standard 
temperature and its curve of corrections ob- 
tained It was then calibrated at several 
temperatures between 50° and 100° E , and^the 
change in correction Ac at temperature 9 E 
was found to be A c= - 00018 P (0-65), 
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where P is the pressure in. lbs pei sq m The 
following table shows the actual coirectious at 
^thiee temper itures 


Tiblu op Corrections 


■ 

Temp 

Pressure - lbs per sq in 


50 

100 

350 

200 

250 

50 

-0 38 

HO 04 

+0 25 

f 0 31 

+0 10 

55 

-0 51 

— 0 21 

-0 15 

-02) 

-0 52 

90 

| -0 73 

| -0 08 

-0 82 

i" 11J 

-1 04 


In practice it is often found that a pressure 
gauge is fixed a few inches from the hot boiler, 
and although a water syphon is always fitted 
to prevent the heating of the Bourdon tube by 
steam, the temperature of the whole gauge will 
often exceed 90° F There will then be 1 lb 
per sq in difference in the correction of such 
a gauge p-t 250 lbs per sq m if the gauge had 
been calibrated at the ordinary temperature 
of a laboratory The enor thus caused is ap- 
preciable in efficiency tests, although its effect 
is not very laige 

Bourdon tube gauges are always liable to 
change of zero, especially if they are subject 
to slight vibiation such as occurs while they 
are earned about When the zeio can be 
observed any change in this will apply to all 
the corrections at other paits of the scale 
If, as is generally the case, a peg is piovided 
to arrest the index hand just above the zero 
point, the calibration will bo doubtful after 
the gauge has been despatched by tiain or 
earner It is hotter to have the zeio free 
by removing the peg and to place a piece 
of cork between the end of the tube and 
the case as a temporary stop during trans- 
port 

§ (12) Sporoe IIioh-pressure Manometer 
— The scale length of a Bourdon tube gauge is 
limited, being about 13 inches on i 6-mch dial 
and 22 inches on a 10 inch dial The value of 
one inch motion of the index becomes very 
great when the maximum piessuie registered 
by the gauge increases It is often desnablo 
to read high pi assures with much greater 
accuracy, or, m other words, to provide a 
much more open scale This can bo done by 
substituting a vessel in the shape of a tube or 
a sphere for the Bourdon tube, and measuring 
the cubical expansion or compression of the 
vessel The measurement of tbo expansion 
can bo best made by observing tbo displace- 
ment of a liquid either fiom the inside or the 
outside of the tube Fig 15 shows a mano- 
metei of this type constructed by Mr Jas 
Spurge It consists of an outer cylinder A 
filled with water and a smaller cylinder B 
which communicates with the outside of the 
apparatus by a capillaiy tube G connected to 


the piessuie supply The cylmdei A is filled 
with watei, and on the piessuie m chainbci B 
meieasing, some ol the watei m A is foiced 
into the mcasunng vessel D The vessel I) 
is pi ovided with a fiducial maik E, at which 
level the watei is kept by opeiatmg a dis 
placement piston F by means of a nuciomotoi 
sciow G The amount of watei flowing from 
A is thus measured by tho rotation given to 
the mioiomotei head G Tho watei m A 
being at all times open to the atmosphere is 
not oompiessed, and as long as tho whole 
apparatus lemams at one 
temperatme the ratio of 
the displaced volume to 
tho total volume remains 
constant, except for tho 
small error produced by 
tempoiature expansion of 
the metal cylmdei An 
additional plunger II is 
provided foi adjusting tho 
zero so that the micro- 
meter head leads zero at 
zero pressure Tho vessel 
B is subjected to axial 
and longitudinal com- 
pression so that tho 
volume of watei displaced 
is not exactly a linear 
function of tho piossmo 
The calibration of gauges 
made from one quality of stool is, liowcvoi, 
veiy constant The gauge is voiy sensitive 
and can bo maclo to lead a pressure of 300 
atmoflpheies to one part m 2000 Tbo sensi- 
tivity depends upon the ratio of the area of 
tho displacement piston to tho volume of 
liquid in A and upon the use of a small tube 
for the fiducial mark E 
§ (13) Electrical Resist ance Mano- 
meters — These manometers depond upon tho 
change m the electrical resistance of a metal 
when subjected to picssiuo Tho motals used 
for this purpose axe morcuiy, platinum, and 
manganm Tho fiist must bo contained m a 
capillaiy tube oi non conducting maternal, such 
as glass, and tho solid metals are ust'd m the 
form of wnes In tho case of mercury tho 
elasticity of the glass-contammg tube affects 
the resistance of tho moicuty, tho coinpiossion 
of tho boro altering tho length of tho thread of 
morcuiy Such a gauge must, for this reason, 
bo calibrated by comparison with a pnmary 
manometer Manganm wire is not very 
constant, its variation in lesistanco depending 
upon its previous history 1 This must also 
be cahbiated against a standard gauge It is 
possible that a puio platinum wire may bo 
sufficiently constant m its losistanco variation 
to enable such a gauge to be usod as a primary 
standard for very high pleasures 

1 Amer Acad Proc , 1911, xlvii 
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M A Lately gives the resistance variation 
as follows 1 

Meuuiy 

^A°= - 32 7 - 10-»» + l 1 \ 10-V, 

»o J 

whole p is m kg /cm 2 
Platinum 

’ “- r, ’= - 1 80 v xo-«» 

fa 

Mauganm 

— °=|2 23 
r 0 J 

whoio p is m almnspheios, ? 0 is the icsistanoe 
at atmosphom piehsuie, and ? the icsistanco 
at any othoi pusstue The positive sign loi 
mangamn is a peculiarity of this matoiial 
Mi Btidgman finds tint a gauge of this 
kind lepoatB itself t \tiemoly well ioi mcioas- 
mg and deoii asing piessmts, as is shown by 
the following tible 2 

T MIL II 


Pressure m 

Slide! Displat ernent (dm) 

ICgrn /Cm 8 



Inc re ising 

Deere ising 

017 

4 80 

4 80 

2018 

10 17 

10 10 

3710 

17 75 

37 71 

5348 

25 70 

25 05 

0452 

27 45 

27 43 


All that is necossdiy ioi the constiuction 
of this gauge is a vessel sutliciontly stiong to 
hold the piosstuo, filled with a non conducting 
fluid and piovidod with insulated piessuio 
tight teinnmils toi taking the leads to tho 
lesistaneo - measuring appaiatus Pro 1 vision 

must also be made loi keeping tho appaiatus 
at const int tompoiatmo Tho resistance who 
oi glass tube containing tho mercury is 
attached to the inside ends of tho insulated 
tomnnals and suspended in the fluid to which 
the piessuio is applied The change of le- 
Nislamo is not voiy gie.it, so that a sensitive 
resistance budge is loipuiod for moftsuimg 
the change with accmacy 
S? (II) CiiusiiKH (Jaimifh -When a single 
high - piessuio inoaHUionumt is loqimed, a 
c iuslicu gauge of the kind devised ioi tho deloi 
initiation of the piossmo obtained m tho bicoeh 
chamber oi a gun can be used, Tho measure- 
ment tie ponds upon tho pot maneut compression 
of a small e\lmdot of copper A numbei of 
these eoppei e,vlmdeiH must be made fiom 
one sample of mafonal, and a few of thorn 
t‘lmsen at landom con t pressed at known loads 
m a tiffing machine A curve can then be 
drawn showing the compression of tho cylinder 
leu any load 

1 ComptPXTnulm, lOOO.cxUx 500 
* Amo Acad Pioc , 1000-10, \liv 8 


Puj lb shows tho form of the gauge A is 
a steel cyhndei in which slides a piston B, 
the upper end of which is subjected to the 
piessuio to he measuicd Leakage is pie- 
vented by a cup shaped disc of soft eoppei C 
The cyhndei A sciows into the body D m 
which tiio cylinder of copper 
E is placed Tho cylmdei E 
is kopt m a central position 
by means of a light spring, 
not shown, winch does not 
pi event the radial deforma- 
tion of tho c ylindei Altei the 
test the cylmdei is removed, 
its compression measured, 
and the piessuio load off 
liom tho chait Tho actual 
load on tho eoppei depends 
| upon tho diamotoi of tho piston, and as tho 
whole appaiatus is self-contained, no ex- 
ternal connections aio needed, and it can 
thcieforo be used foi the highest pressures 
attainable 

§ (15) Sounding Apparatus —Two forms 
of recording pressure gauges aio m common 
use for determining tho depth ol watei unclei a 
ship One of those is a compressed an gauge 
and consists of a metal vessel with a small 
opening foi the admission of watei provided 
with a non loturn valvo This opening must 
ho kept at tho bottom of tho appaiatus as it 
sinks m the watei Tho vessel is initially full 
of an, but as the piessuio of tho watei mcieascs 
some passes the non ioturn valve, compicssmg 
the an m bide until equilibrium is readied 
When tho vessel is hauled back to tho ship 
tho non-ioturn valvo pi events tho oscapo of 
the watei, and tho volume ol tho water found 
m tho gauge is a measure ol tho maximum 
piossino loachod This watei is measured in 
a calibrated vessel, oi by means of a divided 
scale dropped m the vessel, and tho depth of 
wator road oh Tho true depth vanes with 
the amount of salt m tho water and a conee 
turn must bo made when tho apparatus is 
used m river mouths or land looked watois 
After emptying, tho sounding apparatus is 
toady foi use again Tho depth lecouled is 
independent of tho dneetion of tho heaving 
line, but tho inlet must lonuun m a downward 
position othoi wise an will escape as tho watei 
enters and a false leading will be obtained 
Tho second form of sounding apparatus of 
tins kind consists of a narrow glass tube closed 
at one ond and coated on tho inside with a 
chemical which will be eolouied by the action 
of sea water This is diopped m a suitable 
sinker with tho open ond of the tube downwards 
when the water enters the tube, compressing 
the an contained thorom a certain distance 
depending upon tho pressure Chemical action 
then takes place, and when tho tube is hauled 
back a measure of the eolouied portion of 
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636 


PRESSURE, MEASUREMENT OE 


the bore on a special scale will give the 
maximum pressure reached These tubes are 
as a rule used only once, since the cleaning off 
of the coating and refilling is a difficult matter 
The tubes are, however, very cheap to make 
and a large stock of them can be carried m a 
small space The origmal length of the tube 
must be made exact, otherwise the scale will 
be incorrect 

§ (16) Sounding Tube by M Berget 1 — 
In this apparatus the compression of water 
mstead of air is utilised It consists of a 
large reservoir filled with water and closed 
by a capillary tube silvered on the inside 
surface, which contains a thread of mercury 
and is open to the outside As the gauge 
descends the water is compiessed and the 
thread of mercury moves along the capillary, 
dissolving the silver lming and thus giving a 
permanent record of the maximum depth 
obtained The sensitivity can be mcreased by 
enlarging the reservoir and providing a smaller j 
capillary The temperature of the reservon 
must be known and can be detei mined by a 
recording theimometer affixed to the apparatus 

§ (17) Measurement of Cycles of vary- 
ing Pressure — Eor observations of a con- 
tinual change of pressure the elastic gauge in 
some form is generally used Eor slow changes 
a continuous photograph of a mercury column 
can be taken upon a clockwork drum covered 
with sensitive paper, but such an arrangement 
can only be used to record very slow changes 
Por such work it is better to use an ordinary 
gauge, m which the index hand is replaced by a 
marking-point moving upon a paper disc or 
drum, rotated by clockwork This apparatus 
can be readily obtained fiom pressure gauge 
makers 

When the changes of pressure are moio 
rapid, such as those occuinng in the cylinder 
of a steam or gas engme, a different method 
is necessary 

§ (18) STE AM - ENGINE INDICATORS — TllO 
ordinary steam-engme indicator consists of a 
small cylinder, containing a freely moving 
piston, the motion of which is restrained by a 
calibrated sprmg A rod is attached to the 
piston, and the end of this, either chiectly 
or through a magnifying motion, recoids tho 
pressure upon a paper drum The drum can 
be driven by clockwork but is generally given 
a reciprocatmg motion from the crosshead of 
the engme, so that the pressure is recorded 
with reference to the position of the piston, 
and the area obtamed is a measure of the 
work done 

The choice of the size of the piston and the 
amount of motion allowed to the sprmg 
depends upon the speed of the engme The 
inertia of the piston is more with a large 
piston, and with the larger motion, but tho 
1 Comptes rendus , 1914, clvm 1465 


accuracy with which the icemd can ho 
measmed is piopoitional to its height 

(i ) Muhault* hidutxUn — Koi slow speed 
steam engines tins mdiuitoi (fr'u] 17) ih 



Biu 17 


perfectly satisiactoiy It t oiinisIh of a cylinder 
A m which tho piston B, icHtiamod by a spniipr 
C, movos Tho motion is tiansimttcd Uuougli 
a simple Watt parallel motion to tho point (), 
which iccords on the clium E Tho nnuhmg- 
pomt may bo of gun-metal, when special 
metallic papor must ho used upon tho drum, 
or a haid lead pencil maikmg upon ordinal y 
papor can bo used 

(n) Crosby Induulor — As tho speeds of 
engmes me leased, onoi, duo to moitn of tho 



Tia 18 


parts, increased, and other indicators, of 
which tho Urosby is a type, woto mtnxlueod 
in those tho motion oi tho piston is reduced 
and greater magnification is provided by 
specially designed link motion The (hosbv 
indicator is shown in JPig 18, m which tho 
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paits aio simiUi to those of the Richaids 
mdicatoi, except m the link motion, winch 
gives a magnification of 5 to 1 mate id of 2 to 1 
When high steam piessuies and supa 
heated steam came into use, the position of 
the spang undoi the cylinder itnderod it 
liable to change, owing to the tompciatuio 
which it attained This becamo of gieatei 
impel tmee still when the use of the explosion 
engine became geneual Seveial mdicatoi s 
have boon devised m which the spang is 
placed outside the hot cy Undoi 

(m) Dobbic Mdnncb Imhuitoi — This ex- 
ample of an external spang indicator is 
shown m Fkj 1 ( ) The spang is outside the 
covoi ot the cylmdci, which pi events it fiom 
being overheated, and the spang diamctoi is 
not limited by the diameter of the piston 
It is possible to use very stiff spangs and 



very high piessuies can be locordod Those 
indicators aie satisfaetoiy for speeds up to 
about 100 oi 500 cycles |>or mmuto For 
Jughex speeds a smaller piston, only one 
quaiku of a scpiaie inch m area, is used, 
and the height ol tiie diagiam is icdueod to 
1 1 inch Km small explosion engines the 
piston is i educed m aiea still moio and the 
height of dingiam limited to 1 inch These 
small indicators can bo used with Jan success 
upon pol.tol engines miming at 1000 oi 1200 
cycles pm mmuto, but foi tins specs! the 
optical indicator is a bottoi mstiumont, al- 
though more cumin ous 
Tho faults oi molds obtained from indi- 
cators oi this type at high spirals aie duo to 
two causes * the fust is the maecmaey oi the 
height or pressuie mdmato of the diagiam, 
due to the limit u of the piston and link motion 
of the indicator , anil the second is the 
maccuiate positions of the pressure onlmatcs 
duo to the uuutia of the (hum and driving 
mechanism, and the sketch of tho ooid duo 


to these meitia foicos In steam-engine 
diagrams, whete tho \anation of picssuic is 
not great dm mg a working stioke, tho eiioi 
pioduced is not veiy serious, hut m tho case 
of an explosion engine, in which tho iccoid 
is asymmetrical, the high pressure peak being 
at ono end of tho diagiam, the cnois produced 
aio veiy laige Those iccoids aie generally 
used to calculate tho mean effective piossuie 
on tho piston, i e tho moan diflerence between 
the pressures on tho forward and the loturn 
strokes To obtain this, tho aiea of tho 
diagram is divided by the actual lingth of 
tho baso lmo of tho lccoidcd cui\c, and not 
the length which is given at slow speeds, 
when inertia foicos and sketch of coid aie 
nearly absent Thus the cnois aie, to a 
certain oxtont, eliminated If, however, the 
record is used for determining tho exact 
position of valve settings and such observa- 
tions, tho enors pioduced may bo very great 
Tho motion to tho clium may bo derived 
directly from the ciosshoad of the engmo by 
means of a simple level system or a dilfeicntial 
ilium, or it may be donved fiom a small copy 
of the crank and slider mechanism, driven 
from the engine shaft by a chain, or othoi 
means free fiom slip In any case it is 
necessaiy that tho cncumfoiential motion 
given to tho indicator drum shall ho an exact 
copy of tho motion of the piston, and m 
phase with this motion 

Tho piston of the indicator must bo lubn 
cated with oil, and this oil is soon i amoved 
when wot steam or hot gases are picaont 
Foi this reason it is best to romovo tho piston 
and link motion when the indicator is not 
in USB, and replace them cleaned and oiled 
when a lecoul is dosned This also piovonts 
the spnng from becoming overheated, and thus 
prosoivos its accuracy After uho it is most 
important that tho whole mdicatoi be thor- 
oughly cleaned and oiled and put away m its 
proper box Tho very faulty diagrams so 
often obtained on engine teats aio largely duo 
to neglect of those precautions 
§ (If)) Optical Indichtobs — Fox high-speed 
engine tosts, and foi recording explosion pleas- 
ures, optical indicators aie the only instill- 
ments which can bo used with success 1 In 
theso indicators the motion ol tho piston is 
t educed to a minimum, oi a diaphragm is 
used and tlio magnifying goir is replaced by 
a beam of light, f notion and meitia being 
eliminated m this part of tho mechanism 
The instruments consist of a spinig loaded 
piston ox a diaphragm (which requires no 
additional spring) subjected to tho piossuie, 
and tho motion of which is transmitted to a 
very light pivoted nunoi A ray ol light 
is projected upon this mirror and its reflec- 
tion thus stakes out a straight line, tho length 
1 Hoc “ Cathode Jlav Manometer ” 
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of which is pioportional to the prcssuic In 
order to obtam a diagram, motion must bo 
given to this reflected ray m a direction at 
right angles, such motion bemg a copy of the 
motion of the engine piston This may be 
done by lotatmg the fiamc containing the 
pressuie mirror, or by deflecting the light lay 
by means of an independent miiroi The 
second motion of the light ray may bo avoided 
by moving the ground-glass screon or photo 
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graphic film upon which the light spot is 
received This, however, introduces inertia 
forces which can easily be avoidod by the 
above methods For records of explosions m 
closed cylmdeis the diagram is roqunod upon 
a time base, and the second i ©flection is then 
unnecessary, a revolving drum, holding the 
sensitive paper, alone bemg required Those 
records usually cover a very short interval 
of time and clockwork is unsuitable The 
drum is then driven by an oloctnc motor at 
approximately constant speed and an inde- 
pendent time record made by a ray of light 


iofleetod horn a nmitu attached to a tumm* 
loik Anothei method is to ai impe a tmunc 
folk so that tlie light horn the dinphnuon 
mirioi is occulted at each vilest ion ot t lit 
folk, and a dotted him thus old ime <1 on the 
lccoided diagram In Fm 20 (u)» ( h ), (<), 
and (d) aio shown hmi ddleient 1 % jh i ot 
thesis o])tical indicate ns. (ft) % due to Piohami 
Uopkinson, shows a piston mstmmeut in 
which the piston V is untrained h\ a nitandd 
bm spnng S The 
imnoi is pnoled be 
(ween spnng suppmti 
Ij and t lu^ second 
motion obtained l»\ 
oscillating the whole 
fianm F by menus oi 
0 a convenient svstem of 
lo\eis attaelsd in (lie 
-““iv engine eiossbeud (h) 
shows tlm instimm ut 
used by thujessoi Wat, 
non, m which a tmiu- 
gaied diaphragm 0 is 
used and kept i uni by 
a walei jaeket ,1, The 
nnuoi M n suppoited 
on tluee pivot i, two of 
whit'll aie h\ed anti tlm 
third meiveH motion 
Ijom the dlaplnagm 
The mirror h gives tlm 
QM n second dolled mn to (be 

m _ I I light tay, being osul 

lated by a ejunk and 
emmet ting rod median 
mm (’ m wluth the 
ratio of tlm emmet tmg 
rotl Jmigtli to tht' etank 
xathuH is math' sumlai 
to that of tht' engine 
upon wlueli it is used 
The crank is rotated by 
moans of a chain fmm 
the engine shaft, ami an 
adjustment is pmuded 
lor seeming eurm t 
pliitHtv position lelntndy 
to the engine piston, 
{<) is the Cnrpnliei 
I hmpitfdior mdicsalor, made by Mommh Van 
Radon <fe Co, of Oovontiy. In tins imlmatm 
the flat diaphragm J) is Gonuwtod to (lie press 
tiro source by a mnall tube of Home length, 
m order to keop the diaphragm cook Tlm 
imrroi M is supported upon three pivot*, one 
of wluoh is fixed, one teeoives motion from 
the diaphragm, and tlm fclurd receives motion 
from a crank mechanism which copies Us* 
motion of tho engine Tlm two motions are 
thus oommumoated to the single mirror, 
Tho copying motion is driven from the engine 
by a flexible shaft to wheel J, the phase position 
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being adjusted by tho kmuled head H and 
the ratio of connecting rod to crank being 
adjusted to agree with that of the engine 
(d) shows the mdicatoi used by Professor 
Pitavel for explosions m closed cylinders, in 
winch a piston D with extremely restricted 
motion is used and the spiing consists of a 
thm tube S In this case time lecords were 
lotpiuod, so that but one moving mirror M 
was icquiied 

These foul lllustiations show the chiof 
methods of construction of optical indicators 
ioi different pm poses The essential pomts 

to bo observed m tho design of such instru 
merits <uo the cooling of the diaphragm and 
tho lightness of the moving parts, together 
with thou ngidity However light the parts 
aie made, they will not follow an extremely 
abiupt change of pieBSiuo such as is obtained 
on detonation of an explosive chaige, and 
unless great caio is taken the mirror mechan- 
ism will bo damaged under these cncumstances 
The rigidity of the pivot supports of the 
nui 101 can bo made satisfactorily by a skilful 
mechanic, but a fault which oiten occurs is 
caused by the straining of the mirror under 
the shock of explosion The mirror is gener 
ally of glass, fixed m a steel frame, but it 
would appear to bo possible to shape the 
stool holder to tlio curvature required and 
coat it with silver, thus avoiding the attach 
merit of glass to metal 

With spnng-loadod pistons it is possible 
f,o make tbo springs to dimension after trial, 
so that tho scale of piossuro can be made an 
o\«k t number of units pei unit of motion, but 
with diaphragms the scale must be determined 
by trial under static pressure Tho actual 
scale on tho diaphragm can bo altered by 
altering the length of tho light path, but this j 
is not, m genet al, convenient, since m most 
eases it requires alteration in tho curvature 
of tho nuu or, and always requires altera- 
tion m tho light-tight enclosure For this 
cause it is generally moro convenient to 
make a spoaui scale for measuring up the 
diagrams 

One other typo of optical indicator may be 
mentioned, namely, that used by J Kimer 1 
Jfoi loemdmg tho pressure m a gun -barrel 
duung tho explosion of the chaige The 
oi dinar y typo of optical indicator requires 
Boiuo modification to enablo it to record with 
aouuaoy tho rate of rise of pressure under 
these ciioumBtancos Tlio gauge referred to 
has two glass lonsos of great strength, which 
are pressed together by tho pressure to bo 
measmed Tho pressuio is indicated by an 
interference method, tho spreading of the 
Newton nags being observed An arc lamp 
was used for producing tho ray of light and 
a photographic record taken of the shift of 
i ,] XCirncr, Zntschrift Vei X>euts Ing > 1W, lin 41 


the Newton rings as the explosion took place 
The inertia of this indicator is practically 
negligible, but considerable complication is 
introduced both m obtaining the record and 
m interpreting it 

§ (20) Microm xnometeps — The gauges to be 
described are designed for the measurement 
of very small differences of pressure when 
both pressures are nearly atmospheric A 
distmet class of gauge f oi measuring very small 
absolute pressures, called vacuumometers, is 
discussed elsewhere For the latter purpose 
many other physical properties of attenuated 
gases are available, but for measurements in 
the neighbourhood of the atmospheric press- 
ure two means only are available — liquid 
columns and diaphragm manometers In 
both cases the principle of construction lies 
in the magnification of the very small dif- 
ference in the level of the liquid surfaces or 
of the minute motion of the diaphragm In 
the case of liquid columns it is important to 
arrange that the temperature of both columns 
is identical, since the difference to be measured 
may be comparable with the difference pro- 
duced by temperature even in a short column 
of liquid 

§ (21) Diaphragm Gauge xnd Optical 
Lever — This apparatus is shown m Fig 21 



A very thm corrugated diaphragm is fixed 
above the pressure space The motion 
of the diaphiagm is communicated to a 
mirror mounted on three pins forming an 
optical lever The reflected ray of light can 
be received on a screen at a distance The 
sensitivity depends upon the distance between 
the fixed and moving supports of the mirror, 
winch may he reduced to about J mm if 
necessary, and the distance of the scale The 
greater the distance of the scale the more 
powerful must be the light It is possible 
to measure a deflection of the diaphragm of 
about 02 (j. The gauge must be calibrated 
at its highest readings by comparison with a 
liquid column and the pressures will be pro- 
portional to the deflection 

If differences of pressure are required the 
whole apparatus must be enclosed m a cover, 
light rays passmg through a glass window, 
as shown dotted m Fig 21, the space 
enclosed being connected to one source of 
pressure Tins gauge is easily disturbed? by 
external vibration and can only be used when 
such disturbances are absent 
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§ (22) Diapiirygm Gauge of Scheel and 
Hluse 1 — This gauge is somewhat similar to 
the last, but has a light coppei diaphragm, and 
the deflection n measured by the Fizeau inter- 
ference method instead of by the optical 
le\er The gauge is thus more compact and 
not so sensitive to external vibration Differ 
ences of pressure of the order of 0 1 mm of 
mercury can be measured to 0 00001 mm and a 
change of pressure of 0 001 mm corresponds to 
four mterference bands of yellow helium light 
§ (23) Collodion Diaphragm Gauge 1 2 3 —M 
Lafay has constructed a very sensitive dia- 
phragm of silvered collodion m which the 
Fizeau mterference method is utihsed to 
indicate when the diaphragm is in its normal 
position The deformed diaphragm is brought 
back to its initial position by means of an 
electrostatic charge, the quantity of which is 
measured and the pressure determined there- 
from This has the advantage that the actual 
pressure measurement is simpler than the 
counting of the mterference bands, the light 
system bemg used simply to indicate the 
null position 

§ (24) Liquid Columns — The simplest 
method of magnifying the difference in height 
is to make one of the tubes at a small angle 
to the horizontal instead of vertical If the 
position of the meniscus is measured along the 
tube the height h~l sin a where a is the angle 
to the horizontal and l the motion along the 
tube If a is made 5°, the magnification is 12 
times A disadvantage of this method is that 
the smaller the slope the greater difficulty is 
experienced m determining the position of 


§ (26) Micrometidr Water cumin This 
gauge, shown m Fiq 23, is umstiuded oi two 
water-vessels A and B connot ted by a small 
tube 0 The tcicl of water is measmed by 
miciometer heads I), tho loidmg being taken 
when the point attached to tho nuoiomeliT 
screw just touches tho suilaee of the watoi 
As the point is hi ought down voiy slowly to 
tho water suiface, the lattoi will suddenly 
appear to jump up to moot tho point and will 
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adheie to tho point if this contact is always 
observed it is possible to loud to 025 nun on 
each head con espondmg to 05 nun difloieueo 
m head Tins conesponds to 0001 mm. of 
mercury The water suiluco and tho points 
must be kept clean, and tho points must bo 
withdiawn from tlie suifaco boloio each lead- 
ing The apparatus must be ih ml y lived, smeo 
vibrations on tho surfaco oi tho liquid will 
prevent accurate obsei vations of the posit mu 
of contact 

§ (27) Ciiattock Gauge — -Fiq 21 shows this 
gauge, which is simple to construct and only 


the liquid m the tube, and in any ease a 
small tube must be used 

§ (25) Roberts Compensated Mano- 
meter 3 — This gauge, shown m Fig 22, 
consists of two tubes A and B connected 
by a capillary C, the whole bemg filled 
with liquid except for o bubble of an D 
left m the horizontal tube 0 A very 
small change m head m either A or B 
thus causes a large motion of the bubble 
in C, and the tubes A and 
A B g bemg close together 

H M they can be maintained at 



the same temperature If A and B are 10 mm 
m diameter and C is \ mm bore, the magnifi 
cation is 400 to 1, a reading of 0 001 mm 
bemg easily made 

1 Deutsch Plan Gesell Verb , 1900, xi 1 

- ComvteH lendus 1909, c\li\ 1115 

3 Proc Royal Society , 1906, A, lxwm 


requires reasonable care m operation to give 
very loliablo observations ol small differences 
of pressmo Tho gauge is const! ui led m 
glass, A and B being two water-vessels attached 
to the piessuro souicos These vessels com- 
mumcato with a conti al vessel 0, one to the 
body of tho vessel and tho other to an internal 
tube D The contral vosscl (J is filled wiih 
any moderately transparent liquid lighter 
than, and non - mrvabio with, water Tho 
whole gauge is mounted upon an upper Lame 
F, which in turn is supported at emo end from 
a stand G and carried at the othoi end by 
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an adjustable sciewed suppoit with a micro 
meter head H The excess of piessuio m 
vessel B will force a bubble of water up the 
tube T) into the oil sun minding its end A 
lamp is fixed at the back of the gauge to lllu 
inmate this bubble, and a microscope with an 
objective of about 25 mm focus is employed 
to observe the bubble The light is then 
adjusted until a bright line either golden 01 
led m colour is observed m the microscope, 
and this hue is bi ought into coincidence with 
the fiducial lino m the eyopicce of the micro 
scope by tilting the gauge by the micromotoi 
head H When the gauge is piopeily filled 
with clean liquids this bright line will be found 
to be quite definite in position for any posi 
tion of the gauge The fine is adjusted for 
equal pressures m the two tubes, and when 
pressure is applied is brought back to position 
by tilting the gauge The micrometer leadings 
are thus proportional to the pressure differ- 
ences in the water vessels A common size 
is to make l the distance between the micro- 
meter and support 25 cm , L the distanco 
between the tubes = 35 cm With 1 mm 
pitch of sciew and 100 divisions on the micro- 
meter head one unit =|[? x 01—014 mm. of 
water, and readings can be made to ono tenth 
of a division, conespondmg to about 0001 mm 
of mercury The ground joints at the top of 
the water vessels aie required so that the 
gauge can bo pioperly cleaned, and these and 
all valves must be kept well greased to piovenl 
leakage If a sudden use of pressuio takes 
place the bubble of water may become do 
tached and fall to the bottom of vessel 0, 
thus altering the adjustment of the gaugo A 
tap E is provided so that the gauge can bo 
shut ofl it this seems likely to occur It is 
well to provide two branch taps m the 
piessuio pipes, which can be opened to tho 
atmosphero m order to check the zeio with- 
out disconnecting the gauge from the test 
apparatus 

Tho sensitivity of the gaugo depends upon 
the definition oi the bught line seen m tho 
microscope, and this depends chiefly upon 
the liquid used Otherwise tho sensitivity 
could be inci cased by bringing tho vessels A 
and B togethoi, thus making tho ratio l/L 
large The sharpness ol definition of tho 
bright line depends chiefly upon the two 
liquids employed The best losult is obtained 
by tho use of salt water and puio castoi oil 
The salt is used m ordoi to prevent a fungus- 
hko growth which occurs at the surface of 
pure water m contact with the oil Tho 
readings of the gauge must be corrected for 
the density of tho water used, the salt being 
added until the density is about 1 07 With 
this solution the gaugo will remain m working 
order for many months The use of the 
microscope is somewhat tiring during pro- 


longed senes of obsc rvations, and it can bo 
replaced by a piojection lens which throws 
an image of tho bubble on a ground - glass 
screen If tho surrounding light is dim the 
position of tho bright line can bo adjusted 
acemately and with less stiam to tho eye 
Tho range of pressuio measmahlc by these 
gauges may bo moioased by me leasing the 
distanco between tho wator vessels A and B 
Tho now piece of glass work can be attached 
to tho standard frame, avoiding the cost of 
the moio expensive pait of the appaiatus 
If a still grcatoi range oi piessuio is to bo 
measured, tho glass part can be filled with 
mercury instead of watei It is evident that 
the largor the lango of pressuio available the 
smalloi tho sensitivity of tho gauge It is, 
howovor, a gioat convenience to bo able to 
alter tho range without great expense, and 
this renders tho gaugo particularly suitable 
for gonoial laboratory work 

§ (28) Conclusion — Tho manometers m 
common use are of tlirco kinds — the liquid 
column, tho loaded piston, and the elastic 
gauge Gauges of each of these kinds have 
been bnofty described Tlio range of piessuio 
measured by tho diftoront types may bo given 
hoio 

Liquid Columns 
Open column 
Multiple and com- 
pound columns 
( 'lotted t oliunn 
Loaded Piston 
Elastic OaugoH 
Bourdon tube 
Diaphragm gauges 
and optu al inch 
cators 

Spurge manometer 

The sensitivity of tho difloiont nuciomano- 
motors is as follows 

Metal diaphragm 1 * 10~ 2 mm of mercury 

Vuv thm metal cha 
phiagm I s - 10“ B „ „ 

(bllodion diaphiagm 1 10 -4 „ , 

Inclined liquid column 3 ^ 10—^ 55 , 

Rohnts’ nneromanometor ] v 10~ 4 „ ,, 

Miciomotei water gauge 3 > 30"” 2 „ „ 

Ohafctoek gaugo 3 x 10“ 1 „ „ 

When an absolute piessuio of very small 
amount is to bo measured other and quite 
novel methods of measurement can bo adopted 
Tlioso generally depend upon the molecular 
motions of gases and ate only available when 
by rarefaction tho molecular path is compara- 
tively largo Examples of those are the re- 
pulsion of two plalos suspended m a rarefied 
gas, the measurement of the oloctnc current 
flowing to a collector, or tho radiation from 
a hot wire Manomotors of this kind will 
measure pressures of tho order 10~ 6 mm. of 
mercury, but the methods aro not available 

2t 


0 to HO atmospheres 

0 in 200 „ 

up to 3000 „ 

1 to 0000 „ 

0 to 1800 


Oto 100 
0 to 500 
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when the absolute pressure is much gioater 
than 10" 3 mm of meionry Such gauges will 
be found described an another portion of this 
Dictionary c J 


Pressure-coefficient of Expansion of a 
Gas, Experimental Determination of, 
with constant volume Seo “ Thermal 
Expansion,” § (16) 

PpESSURE-COEFFJCIENTS OF VARIOUS TlIERMO- 

metrio Gases, tabulated Seo “ Toni- 
perature, Reahsation of Absolute Scale of,” 
§ (18), Table 2 

Pressure Corrections, to be applied to 
the readings of a thermometei to allow 
for the effect of changes of pressure either 
inside the thermometer oi extol ioi to 
it See “ Thermometry,” § (3) (b) and (() 
Pressure - difference between tiie two 
Surfaces of a Soap Film, 

:P=2T (r + R 1 )’ 

T being the tension, and R and Rj the 
principal radn of curvature of the film 
Pressure Distribution for Streamline 
Flow See “ Ship Resistance and Piopul- 
sion,” § (20) 

Pressure Engines (Hydraulic) Seo 
“ Hydraulics,” § (54) 

Pressure of a Gas, due to Molecular 
Impacts on the Containing Walls Sco 
“ Thermodynamics,” § (66) 

Pressure of Radiation the pressure which, 
by the second law of theunodynamics, 
radiation must exert From the electro 
magnetic theory, Maxwell showed that this 
pressure, for isotropic radiation, is numeric 
ally equal to one thud of the total energy 
of radiation of all frequencies m unit 
volume See 44 Radiation Theory,” § (5) (i ) 
Pressure Turbinfs (Hydraulic) See 
44 Hydraulics,” § (52) 

Pressures, maximum and mean m internal 
combustion engmes See “ Engines, Thermo- 
dynamics of Internal Combustion,” (48)- 
(54) 

Peony Brake See “ Dynamometois,” 8 (2) 
(0 

Propeller Dynamometer for tj* sting Air- 
screws See 4 Dynamometers,” §§ (7), (0) 
Propellers, Air and Water See 4 4 Slnp 
Resistance and Propulsion,” & (40) et seq 
Properties of a Fluid as exhibited by 
Charts See 44 Thermodynamics,” § (42) 
Propulsion or Ships See 44 Ship Resistance 
and Propulsion,” V 

Pulleys See 44 Mechanical Power s,” § (2) 
Pulsometer Pump. See 44 Hydraulics,” § (41), 
Pumps See 44 Hydraulics,” Part II 
Pyrometer 

Effect upon Reading of, when the Focussing 
Distance is increased, tabulated See 


41 Pyiometn, Total Radial »« »ii. s UD 

(m), Table l\ 

Extension of Stale of, uhn\t* l 10 {I O e 
44 Pyiomotiy, Optical,” (A) 

Floy’s Mu ioi Sett »• |\ t nine 0 v, T»»f (l 
Radiation,” ^ (7) 

Feiy 44 Spiral ” See ibid j* (*s) 

Foiy’s Telescope Sett i/ud (0) 

Foster Fixed foe us Set' ibtti ^(10) 

Ojitieal, Calibration til, by lutnpuisnn with 
a standaid instillment Hoo M l*\tomiG\. 
Optical,” (9) 

Optual, Disappearing Filament T\pe i 
typo of py omelet depending on tic* 
matching ot the biightur n oi a lamp 
Jdament against that ol tin* hot obpH 
Noe ibid jj (3) 

Polaimmg Typo of See ibid § (<>) 
Radiation, Calduation of H<*<* 44 Cytometry 
Total Radiation,” tj ( I (>) 

Radiation, Soiuet's of Enm in Ihaifusd 
Fonns ol See ibid (1 i) 

Rocoidmg used m tmvnufuef mm# pi mussei 
whore it is lUHossai v to Ueop a t on! muon t 
roeoid ol the iompeiatme oi tin* Initiate 
Boo 44 Thei mocouplen,” t* (Ui)» 

Recording Dellot tiou instruments fm the 
moasmoment and toidmuotiH retold of 
tomporatuio, tho nmt turnouts being of 
the millivolt motet typo and tin* lettnd 
being made by periodically depioHHtm r a 
pomtoi into eontatt with u, thaii Sr e 
ibid i(i7) 

Rocoidmg Resistance, used in mduHtmd 
woik to give a toiitmuoUH retnid of t In 
tomporatuio ol a furnace to kiln. Hu* 
44 Resistance ThennometoiH/' § (20) 
SpoctToseopiu Fyopiooo ol a ml hlpi 
glass lot pioduomg appioximat ejy mono 
eluomatie ladiatum Hoe ** D,vrometiy\ 
Optual,” § (11) 

Thormoolootuo . the most gon erall.v uned 
of all appliances for the mmwumnent ol 
high temperatures, and now developed 
mto an instillment of picnumon Her* 
44 Thot moeowples,” & ( I) 

Tlieunoelcetiie t (’old Junction Uoiieetinu 
lor See ibid §(19) 

Tliwmg Radiation* See 44 PymniHry, Total 
Radiation,” t? (J 1) 

Total Radiation, compared with the Optical 
Typo See ibid & ( 16) 

Total Radiation instruments Imsed on the 
ft >uith power law, for the in oil hi iron tout 
of high teniporatuies, and icalty Hpedallv 
designed thormopiles See thid f* (6) 

Use of a Radiation, with a Smireo of In 
sufficient Size. See ibid § (13) 

Uso of Rotating Sector to induce the 
intensity by a delmde annum!. See 
44 Pyiomotry, Optical,” § (16), 

Whipple Closed Tube See “ Pyromotry# 
Total Radiation,” § (12) 
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PYROMETRY, OPTICAL 

The moasuiement of high iempciatmes by 
means oi optical pyroinetois is based on the 
w oil -known, fact that the intensity of the light 
omitted by a hot object mci cases as its tem- 
poiatmo is laisecl 

r rho niatliematical relationship between the 
intensity of the light of any particulai wave- 
length and the temperature can be deduced 
fiom theoretical considoiations foi a suiface 
which is a “ full i acliat 01 ,” 1 and the fact that 
the i adiation issuing from a umfoxmly heated 
furnace appioximates closely to “ full radia- 
tion ” has greatly simplified optical pyrometry 
§ (1) Theory of II* at Radiation — Boltz- 
umnn 2 ml881 deduced the lelationship between 
tho total i adiation fiom a black body and its 
tompeiatuio, according to which tho total 
i adiation vanes as T 4 This is generally 
known as tho Stefan Boltzmann oi tho fourth- 
powoi law 

In 18% Wien fuithoi developed the theory 
oi i adiation IIis first deduction is known as 
Wien’s displacement law 

X*=r6T-i or E, rt - IT 5 

whei c \ m is tho wave length of maximum 
cridgy, E m is tho maximum energy ordinate, 
and T tho ahsoluto temperature 

Poi the distribution of the energy amoug 
tho vai tons wave lengths m the spectium Wien 
deduced the expiession 
E 

m which /(XT) could not bo deteimmed by 
pmoly thermodynamical leasomng Ex. is tho 

onoigy omitted ol xvave length X 

By making coitam ailutiaiy assumptions 
concerning the i adiation emitted by vibrating 
gaseous molecules, ho succeeded m resolving 
tho function of XT, and obtained tho lela- 
tionslup c» 

(or tho distil Im turn of onoigy among tho various 
wave lengths m the spectium 

Experimental xvoik, which will ho referred 
to latcu, showed that tho abovo expression 
only represented tho facts for a limited lange 
0 i x and T Since that time vanous attempts, 
IuumxI on ])lausihle assumptions, have been 

i hi nullalion pvromotrv goneiatly the torn " hjll 
i.Hliatm " oi “ lilac K body” denotes one tlut will 
ulmoih ull the nuhation that it ie( eives — -that is to 
Hay jt will neithei rellcc t nor tiamnut any ot the 
incident i adiation There is no known substance 
ihaVlms HtrieUv this property, J llc> 
bnnur mobahlv untreated caihon lOrcliholi demon 
Siffi i h««»w cotiIy with walls at, a nm torn 
temperature possesses the pi open tics oi a bnielc 
bodv ” 11 a small opening is made in the wall oi 

the unliormiy heated cavity, the radiation issuing 
ftmn the hob will obey tho laws ot black body 

Radiation Thorny,” § r >, Vol IV 


made to discover the correct expiession, but 
without success 

The one formula which does represent the 
experimental data closely under all conditions 
is that of Planck 




eCo/AT ’ 


ni A =r\" 5 /(XT), 


The subject has aroused considerable interest 
during recent years, and reference must be 
made to the hteiature of the subject for fuller 
information 3 

It will be observed that for small values of 
X and T the term e Cn ^ is large compared 
with unity nd Planck’s equation approxi- 
mates to that of Wien, the concordance is 
sufficiently close for wave lengths in the visible 
spectrum to permit of the use of the simple form 
of Wien’s equation for the range of temperature 
covered m practical optical pyrometry 

& (2) Experimental Study of the Dis- 
tribution op Energy in the Spfctrum or 
a “ Pull Radiator ” at various Tempera- 
tures —In 1899 Lummer and Pnngsheim, who 
had alieady proved by experiment the validity 
of the Stefan -Boltzmann or fourth -power law, 
published a further contribution to the sub- 
ject Their experiments on this occasion were 
directed to the determination of the distribution 
of energy m the spectrum of a “ full radiator 
At first they employed the vanous types of 
uniformly heated enclosures, winch they had 
constructed for their expenments to test the 
Stefan -Boltzmann law Later they introduced 
many practical improvements m the apparatus, 
and, by basing their method of measuring 
temperature on the fourth-power law, they 
were able to continue their expenments to 
very high temperatures This procedure also 
led to a great simplification in the form of 
their “full radiator,” xvhich could then be 
reduced to an electrically heated carbon tube 



(i ) Description of the Experimental Arrange- 
ments —The carbon tube furnace construction 

is shown in Fig 1 ^ Q 

The tube was of uniform wall thickness [l w 
millimetre), 34 cm long, and 1 cm internal 

a See list at end of article 
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diameter The ends were m&eited into heavy 
carbon blocks, copper-plated and fixed mto 
metallic clamps 

A stream of mtiogen was passed mto tho 
cap at the mouth of the furnace to diminish 
oxidation 

The plug P (m the centre of the tube 1 ) and 
the left half of the furnace was equivalent to 
a “ black body ” m icspect of radiation 

The spectrum was produced by a fluor-spar 
pi ism, and corrections applied to convent the 
pusmatie to normal energy curves by means 
of the known dispersion curve of fluoi-spai 

The distribution of energy was measuied 
by means of a linear bolometer, which was 
enclosed m an ait -tight case to dimmish the 
absorption effects ol carbon dioxide and water 
vapour The bolometer consisted of a single 
strip of platinum foil 0 6 mm wide Tho dis- 
tribution of eneigy m the spectrum foi vari- 
ous temperatures between 700° and 1600° C 
was obtained From these curves the values 
of X w and the energy corresponding to E w 
could be read The experimental results were 
m agreement wuth the two laws 

X m T — constant, 

E W T _5 = another constant 
Wien’s distribution formula, 

— 2k. 

E a = c 1 X" 5 ^ 

was found to hold for values of XT less than 
3000 {L degrees Since the longest wave-length 
used m optical pyrometry is less than 0 7 g,, 
the equation is valid for the entire range of 
tempeiature that has to bo measured m 
practical work 

(u ) Variation with Temperature of the 
“ Maximum Energy Ordinate E m ” — To verify 
the relationship) 

E w = IT 5 

Lummer and Prmgsheim employed a Lummor- 
Brodhun spectro -photometei , and worked with 
diffeient paits of tho luminous spectrum from 
red to violet Owing to the lapid mciease in 
the mtensity of the luminous radiation with 
temperature, it was necessary to employ a 
numbei of absorption plates , at the highest 
tempeiature the intensity was reduced to lT 
part to brrng it within measurable limits 


Tempeiature by 4th Power 

Temperature 

Law (Various Distances), 0 0 

by E,»==/ t T 6 , 0 <J 

2345 

2325 

2348 

2327 

2339 



They were able to obtain an accuracy of 
about ±20° C with the total radiation pyro- 
meter, and the calculated temperatures weie 
m agreement within these limits of accuracy 
The relationship X m T= constant was also 


checked and the value k>( Vi0 obi mud foi flu 
constant of a “ full ladiafoi ” When (he* 
radiation fiom polished platinum was Hindu d 
the constant was found to be 2b°0 1 finite 
it is possible to estimate roughly the tom pent 
tuic of any object whose ladmtion is miu 
modi it o m ehaiactei between tlial I mm a 
perfectly black body and polished platinum 
by detei mining \ m by means of a bolometei 
and a dispci sion ippniatus 

This has been done foi a numbei of ladedots 
by Lummei and Pntigsheim The iim\iinuni 
value of T is given by 20 U)/\ m and the mini 


mum by 2(>20/X m 




[lot Obje< t 

A HI 

^Mn\ ° ( ' 

111 ' <' 


a 

lbs 

nil i 

Aio light 

0 7 

1200 

3750 

Nernst lamp 

1 2 

2150 

2200 

Wdsbaoli mimilo 

1 2 

2(50 

2200 

Incandescent lamp 

l 4 

2100 

187.5 

Candle 

I 5 

IlMiO 

I7.>0 

Aigand bmnei 

1 55 

1900 

1700 

(m ) Co m pm iMm 
BolUman n ’* Law to : 

. >j 

\h Law and Pt< fan 

2800° (‘ 

r riie woi 

kof bum* 


mer and Pimgsluum and then < out eiopm tines 
was earned out boim e the l oson i ehes of 1 1 olbm u 
and Valontmei, oj Jae<|uemd and I Viol, and 
of I)iy and Rosman laid established (he high 
tempeiature scale m toims of (he gas l hot mo- 
motoi, consequently it is ddhuiH to loim any 
pieeise estimates of tlie Jumts of msuiacy to 
which tho ladiatioii laws may he legaidisl 
as piovon at high lompouituios Henmlly 
Mendenhall and Foisvtho have made a 
comparison up to 2800" C between two 
pyiomotois, otio based on “ fmuth power ** 
law and tho oilier on Wien’s law* Tho 
pyrometers wmio calibrated by observations 
of tho melting-points of gold and palladium, 
tho values for which, on the scab* ol (he 
nitrogen gas Ihotmomoior, had been deier 
mined by Day and Rosman 
(iv) The Optical Pyromcln This, as used 
by Mendenhall and Foisvthe, was ol the 
disappearing iilamont typo down bed in § (,{) 
Tho principle of the instrument is that of a 
telescope An image of tho hot object, is 
superposed on the filament of a small electric 
lamp Matching is allotted by making the 
appaiont brightness of the imago idenlmtl 
with that of the filament by varying (he 
cuiront through tho latter 
Rmco Wien’s law is applicable io mono 
chromatic ladiation and not to the entire visible 


* Ltipin is no phooint l< al basin fm the application 

of tho law to tho ladiation hum pintlmnu, anil 
Hiihscquent invest Igntioiw have show's that A,»T is 
not a constant (or poltahtul luolalth Htirfium hut 
morpaaoR with tompwnltuo, Tim umstunt vnlim 
obtamod by bummer and PilngHlmlm Is title possihlv 
to the small range of tompoiaimo employed, or to 
lack of polish on tho radiating surface. 
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spectium, it is necessary to isolate as nanow 
a spectral range as possible Genoially this 
is effected by the use of a piece of good led 
glass , m the present case, howevei, they 
employed a spectroscopic eyepiece The 
latter has the theoretical advantage of giving 
a narrower band and consequently a neatei 
approach to the ideal conditions contemplated 
by Wien’s law The width of the band trans- 
mitted was determined and found to bo 200 
A U (0 02 }i) with a centre at \ = 0 658 y 

The calibration of the instrument, i e the 
relationship between intensity of radiation and 
the current neco&sary to match it, was effected 
by the use ot a system of rotating discs of 
measured aperture 

Taking the logarithmic form of Wien’s law, 
logE^Ii,-^ * 

If balance was obtained with clear apeituro 
on a “ black body ” at temperature Tx, and 
an appai ent temperature T 2 was obtained 
through a sector of transmission ratio l, then 

logio /-=^ (j - jr) x logio e» 

so that, by a senes of observations on a furnace 
maintained at a constant known temporature, 
it was possible, by employing a senes of discs 
with various values of l, to calibrate tho 
pyrometer over a range of tcmperaturo The 
apertures of the discs were measured by moans 
of a di\ ldmg engine Two steady temperatures 
were used as checks on the calibration 

The minimum aperture employed was about 
“inn” This proved difficult to mako accui- 
atoly, and on measurement was found to 
be 2° V 50" instead of 2° This cnoi, how- 
ever, would only pioduce a divergence of 
5° C m tho computed scale if the nominal 
value of 2° angle had been taken 

(v ) The Total Radiation Pyrometei — It will 
be observed from a study of Fig 4, § (4) — 
article on “ Total Radiation JPyiomotiy ” — 
that the “ total radiation ” pyrometei was 
enclosed m tho evacuated chamber contammg 
the furnace, while tho optical pyrometer 
observations wore taken tluough a glass 
window A small correction was necessary 
foi the absorption of tins window m tho 
visible radiation 

The lesults of tho mtoieompanson are 
summarised below 


No of 

(JomjMIUHOUS 

'limp ( (J 

m ^Optluil 

Total Radiation 

Itanfce of 
Obuio valioiiH 

9 

1750 

Less than J. 0 5° 

2° 

7 

2200 

4-2° 

» >> \ 

4 

3 

2500 

About 4 2° 

4 

4 

2800 

„ H4° 

7 


The diff eienco is systematic but not greater 
than the possible cnoi of oxpenment By an 
alteration m the assumed value of either 
c 2 or X tho systematic difference could be 
eliminated Foi example, Mendenhall and 
Forsytlio state that if, instead of 0 658 /r, tho 
value 0 657 fi is taken tho diftei cnees disappear 

I Practical Types of Optic vl Pyrometers 
§ (3) The Dis appearing Filament Type — 
This typo of pyiometei was introduced about 
twenty years ago by Morse in America, but 
the principle involved — tho matching of the 
brightness of a lamp filament against that of 
tho hot object — was in use as far back as 1888 
In its earliest form the Morse Pyrometer 
consisted of a metal tube about 3 inches m 
diameter and 8 inches long, open at both ends, 
and proMclcd on one side with a projection 
serving as a means for holding an incandescent 
lamp 

At tho conti o of the tube was mounted the 



lamp, winch was connected m senes with a 
battery, lheoatat, and milliammetor 

Tho matiument is shown diagr ammatieally 

m Ihq 2 

In making a temperature measurement the 
operator holds the pyrometei m lront of his 
eye and, looking through, obsoives tho lamp 
filament superposed on tho furnace or hot 
objoct as background Owing to tho different 
distances ol lamp and furnace fiom tho ob- 
serve! it is necessaiy to vary the accommoda- 
tion of tho eye when looking at one object and 
then the other 

By adjustment of the rheostat tho current 
m tho lamp is vaned pi ogi cssively until tho 
lamp filament and furnace appear equally 
bright When tho filament disappears against 
the furnace as background, the current 
tluough the filament is a measuro of the 
temperature 

Ilolborn and Kurlbaum modified tho 
instrument by adding an objective and oyo- 
pieeo Tho objective projects an imago of 
tho furnace upon the plane ot the lamp 
filament, and tho fatiguo of tho eye duo to 
constantly varying the accommodation is 
avoided 
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Theoretically, the image of any source as 
observed through a particular telescope will 
not vary m brightness with a change in distance 
from the source (except, of course, difterences 
due to air absorption, etc ), providing a certain 
solid angle is always filled with radiation from 
the source and this angle is of such size that 
the cone of rays entering the eye is constant 
This angle is generally determined by having 
the eyepiece at a fixed distance from the pyio- 
meter lamp and having before the eyepiece a 
limiting diaphragm of such size that it is 
always filled with light from the objective 
lens It is also necessary to have a fixed 
diaphragm between the objective lens and 
the pyrometer lamp (see Fig 3) 

In all modem mstruments of this type a 
red filter glass 1 is fixed m the eyepiece 
This serves two purposes 
(a) The matching of the intensities is 
facilitated, as practically monochromatic radia- 
tion is obtamed, so there are no colour differ - 
ences at high temperatuies This is of 
particular value m dealing with surfaces 
wluch do not radiate light of the same com- 
position as that emitted by a black body, since 



scctoi is ananged just m front of f he lam pH, as 
the expci iments ol Mendenh ill and Fumy tin 
have piovid that m tins position the dehmtion 
is pzactically independent ol the position ol 
the opening oi the sot Uu i dative to flu* 
filament when mossing the field The dillnui 11 \ 
only occius when taking the tern pern! uto ol 
small objects such as incandescent limp 
filaments 

E {tension of the Male above I jOt)° G — The 
lange of tempoiatuio that ean ho mo ism od 
m the ordinal y way by an optical pyiomotci 
without some device toi cutting down the 
intensity of the ladiation limn the hot object 



A, hot object , B, objective lens , C, entiance cone 
duphiagm, D, pyiometer filament, E, eyepiece 
diaphragm , E, eyepiece , G, led glass 


the mtensity of ladiation of any one coloui 
from such surfaces increases progressively m 
a definite manner as the temperature nses 
(6) The scale of the instrument can bo 
extrapolated on the basis of Wien’s law, em- 
ploying a rotatmg sector or absorption glass 
for cuttmg down the mtensity of the source 
In recent years Forsythe and his colla- 
borators at the Nela Research Laboratory 
have made a thoiough study of this foim of 
pyrometer, and shown how many of the enois 
in temperature measurements with the instru- 
ment may be avoided by attention to the 
details of the design 

A modem form of disappearing filament 
optical pyrometer made by the Leeds & 
Northrup Co , which is largely used m the 
industries, is shown m Fig i The tube is of 
aluminium and the instrument constructed as 
lightly as possible foi convenience m usmg 
hi the Standard Pyrometer of the National 
J. hysieal Laboratory, used for precision work 
two lamps are fitted, and they can be readily 
interchanged so that a check is obtamed on the 
permanency of the calibration The rotatmg 


* Aj letailed dlscu ssion of the red filter class nT 
rn!w^ 10I i screens given later, as they pei form t] 
same functions m all types of optical pyrometm 



is from 700° to 1400° (J Tim com pa uhoii 
soui co cannot bo mu at much higher Lem- 
jiciatiues than 1400° (J without lapiddoLoiim «- 
tion The scales are extended by the use of 
absorption devices oi rotating hoc tot s With 
the eaily foun of disappearing filament pyn»- 
moter, the absoibmg device generally uhocI 
consisted of two black glass ininors melimul 
at an anglo of 45° Ln Him uiiangomont tlm 
beam of light from a hot object jh idler! cut 
twico at an anglo oi 4G° mudeneo, and thereby 
weakened to about 1/200 of its original in- 
tensity 

To extend the scalo of the pyiometer up to 
about 2700° Cl, the usual practice at the* 
present day is to insert a piece ol neutral- 
tinted glass m the path of the beam from Urn 
furnaco or to employ rotatmg sectors or 
definite aperture 
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A. discussion of the methods of computing 
the transmission factoi is given latei 

(4) Micropyrometer — Ruigess hcas dc 
vised a valuable instrument of tlie disappeanng 
filament type, which he teims a mioopyiometpi , 
foi the determination of the melting-points of 
minute specimens of matenals 
The apparatus (Fig 5) is somewhat similar 
to a Joly mcidometer, with a micioscopo 
pyro meter, which is focussed on the specimen 
testing on a stup of platinum heated by a 
current 

Within the liuyghons eyepiece of an 



oidmaiy microscope a small incandoacont 
lamp is mounted In senes with the lamp 
there is an ammotei arid iheostat opeiatod in 
piocisciy the same mannei as m the ease oC a 
disappearing filamont type of optical pyro- 
meter The eyepiece of the micioscopo is 
fitted with a piece of good xod fillet glass 
For temperatures exceeding 1400° 0* an 
absorption glass is placed between the micro 
scope objective and the furnace window 
The tip o± the filamont of the lamp is set to 
the same bnglilness as the platinum strip 
viewed from above at the instant of melting 


of the metallic oi otliei specimen on which 
the micioscopo is focussed The eye of tho 
observer sees tho specimen, the platinum skip, 
and the lamp filament all m focus at once 
(5) Fat nut vttojst — Tho methods genoially 
employed fo» the calibiation ot optical pvio- 
metois cannot be adopted foi tins paitieular 
foitn of disappeanng filament pyrometer The 
most convenient method is that originally used 
by Joly, winch is to obsoivo the lamp cuncnts 
at the known melting-points of two m moie 
pure substances, such as gold, nickel, and 
palladium, and from the equation express 
mg the i elation between tcmpoiatuio and 
cur lent (in lamp), tho tcmpoiatuio of melting 
of any specimen may bo computed Foi 
model ate temporal me mteivals tho equation 
log 0 — a \-b log T may bo used, wlicie (J 
is tho cunent, T is the absolute tompoiatiuo, 
b a constant voiy neaily unifv 
Tho meltmg-]iomts of nickel and palladium 
were taken foi calibration pui poses 
Tho accuiacy of tho equation was chocked 
by oxliapolating to the molting point of 
platinum, \Vlneh could bo directly observed 
by matching tho lamp and stnp at the instant 
tho lattoi burnt out Tho value 1755° (J 15 
was obtained iiom six observations 

An atmosphere of pmo liydiogen was main- 
tained m tho enclosure, to pi event oxidation 
of tho metal under test 
Foi those metals for which tho inciting is 
sharp, such as nickel, cobalt, and non, a 
precision of 1° to 2° was possible with only a 
few thousandths of a milligram ol material 
§ (0) Tiie Polarising Type op Opt coal 
Pyrometer — Komg m 1891 dcscubed a now 
typo of spook ophotomolei In tins mail umont 
the two beams of light woio resolved into 
two spook a and comparison effected between 
beams of identical coloui throughout the 
speck um In 3901 Wanner applied tho 
essential principles ol this mstiument to tho 
design of an optical pyi oinotor In tins case tho 
radiation from the hot object is tho one beam, 
while flic light of constant intensity fiom an 
clock io lamp supplies the comparison beam 1 
(i ) Jkunphon of the Instrument — Tho 
essential features ol tho mstiument will be 
understood fiom Fig 6 
The radiation from tho hot object is received 
through a small enoulai hole while tho electric 
lamp illuminates the matt surface of aught 
angled prism, which m turn directs the light 
on to a second circular hole symmetrically 
disposed with the first about the opkoal axis 
of the system 

1 The current through tho lamp is maintained at 
a pi cdetei mined value by moans of a rheostat and 
ammeter Fiom time to tune the intonsil y of the 
beam given by the electric lam]) is matched against 
that from an amyl acotato lamp bv adjustment of 
the ourient Tins rendeis tho scale of the pyro- 
meter independent of the permaneney of the electric 
lamp 
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A lens lenders the two beams parallel, and 
a Roehon pi ism splits each beam up into 
components polarised at light angles 

The function of the bipusm lens is to pio- 
duce deviation m the beams of such amount 
that an image from each of the two sources is 



Fi& 6 — Diagram lllustnting Wanna S Modification 
of Konig’s Spectrophotometer 


brought into juxtaposition On consideration 
it will be seen that the bipnsm splits each 
image up mto two, thus bringing the total up 
to eight 

These images are semicircular patches 
uniformly illuminated The two m juxta- 
position are polarised at right angles, and are 
viewed through the eyep*ece, the other 
images being screened out 
The Nicol pnsm N can be rotated aiound 
the optical axis, its position bemg indicated 
by a pointer attached 

To understand the precise functions of the 
various optical parts it is advisable to consider 
the effect of each mdividually 
In Fig 7 the contribution of each component 



r-Ihasrain showing functions ot vinous 
Optical Paits of the iSpectiophotometei 


The arrows and 

tion Eight images are 
are stopped out 


f indicate plane of polarisa- 
'ormed m all, of which six 


is shown The circular holes are at the focus 
of the lens, so the images produced will be 
uniformly illuminated circular discs, i e of 
the face of the lens, which the bipnsm splits 
up mto semicircles 

To understand the function of the Nicol 


pnsm suppose toi (he moment that (lie iw<> 
lieams aie of equd intensity, Hum, wiili (he 
piano of polaiisatnm of Iho Nicol pn mi 
making an angle of 15° with the duet Don o! 
polansation of oithoi beam, a utulmmlv 
illuminated eiiclo wotdd be obseived having a 
diametrical line auoss whcio the (wo hold- 
come into contact 

Rotation of the Nicol pnsm m edhei 
duection will cut down iho intensity of one 
of the 1 loams and mat* iso that o( flu* olhoi 
Hence, if the beams me initially o( unequal 
intensity, matching oi the intensifies, ns 
viewed thiough the eyepiece, is possible ioi a 
ceitam position oi the pnsm between Hit' 
extinction positions () n anti ( )()° 

(n ) Theoi \f of the Palm isuttj Type of I *yt ow eh t 
— It is piovetl m textbooks of Light flint if I, 
and L aie the intensities of two plane pokusod 
beams of ladiation matching at angles </> 1 and 
<p>, a beam oi constant intensity, such as that 
fiom an elcctnc lamp, when viewed thiough 
a Nicol pnsm, then 

r j _ tan 2 <ji X 
I 2 tan 2 0 2 

In optical pyiometiy, by the msoilmn o( a 
dn cct vision pnsm oi a piece ol suitahlo ltd 
glass m tho path of the two beams it is possible 
to woilc with nairow spot tnil bands and con- 
sequently apply Wien’s law 
According to tins law the intensity ot light 
of wave-length A emitted by a u lull ladiafm* ” 
is givon by tho expiession 


Suppose is the intensify ol wave-length A 
at tompeiatui e T, , L is the intensify ot 
wa vo-long fch A at temjieiature T» 

By Wien’s Jaw 

{‘ X r) 

Home I 1 -™! 01 /a(t, '!') 

1 2 tan 02 

Taking logautlmiH to tho base e , 

2(log tan 0 X - li >g tan ^ ^ 

so that tho relation hotweem <j> and 1 
form 

log, Ian 0 II I 


I 

r,/ 

1 is ol the 


Hence, if a series of values of 0 and T 
aro oHainod, when log tan 0 ih plotted against 
1/T, the points should fall on a straight line 
Theoretically, a single cloterrmnation oi the 
angle 0 eoircsponckng to a known tompeiatmo 
7 t “f :oth ® r Wlth a knowledge of e, and X, 
should suffice to givo a oomploto cnlihraLion of 
the instrument In praotico, however, it xs 
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v oiy difficult to obtain perfection m tho 
optical pails and fieedom from sham m the 
■J-onsf s, and this affects the polanscd beam So 
■J-L is generally advisable to cahbiato the 
1 instrument against a “ black body ” over the 
oiatixe range 

Expei lence with com moi rial forms of the 
Pyrometer indicates that the divei gonce ftom 
Llio theoretical line is gieatest neat the ex- 
tinction positions owing piesumably to defects 
in tlie Nicol prisms and scattering of light 

^7) Calibration on the Instruments 
^Empirically — The calibration ol optical 
pyiometeis can be icachly effected by lefoienoc 
a standardised thermocouple m an eloctnc 
Tin nace arianged to give approximately full 
LVxcliation by a acnos of diaphragms suitably 
disposed 

Fig 8 shows a furnace an anger! for optical 
X'lyi ometer calibiation up to 1870° C 



Pin 8 — Di igram illustrating tlic Const nation 
of a Pinnace Jm Optical Pyromcstei Calibration 


The pyrometei is sighted uj)on the contral 
tliaphiagm, which has tlio junction of a 
tlieimoj unction on its siufaco to give the 
L cm per atm e of the enclosure 

Eoi repicsenting the relationship between 
ourrent and tomperatuie m the case of the 
disappearing filament typo of pyiometei a 
j >di abolic formula 

0 =fH &T hcT* 5 

i m Hiiffic lently ac cm ate Whilst for the polaris- 

ing type the foimula 

log tan (ft — a I r p 

should hold for the majoi portion of tlie scale if 
the optical parts are m couoct adjustment 
Sj (8) Standardisation by Observation off 
Transition Points — It is possible to calibrate 
optical pyrometers by diioot observations of 
Jp i coding- or molting points, without the use 
ol a thermocouple as inter modi aiy 

In the rase of materials winch require a 
reducing atmosphere and do not react at high 
Xoinperatiucs with graphite, ICanolt employed 
tho following method 


The substance was contained m a giaplnte 
ciucible with re entrant tube earned from the 
lid, as shown m Fiq 9 

The or liable was heated in a giaplnte spiral 
furnace and the pyrometer sighted on the 
bottom of the tube , this ensured that 
approximately black body conditions woie 
obtained 

On plotting the heating or cooling curves a 
well-delrned halt was observed at the transition 
point 

The following metals and salts weie em- 
ployed Antimony, 030° 0 , coppoi Rilver 
oute(tie, 779° C , silver, 900 5° C , copper, 
1083° 0 , diopside (melting), 1391° 0 Pro- 
longed heating of diopside m contact with 
graphite had no apparent effect on the value 
obtained for the melting point 
Attempts have been made by Hoffman and 
Moiasnei to employ a similar method m the 
case of the palladium f i coving-point 
A hard poicelam crucible 
and tube wore used with an 
oxidising or neutral atmo- 
sphei e ai ound the metal J t 
was found that the molten 
palladium attacked the poi - 
col am with the formation of 
a brownish substance jp ia o — Ui iplnto 

An additional difficulty Ciucible with He- 

was tlio “ spitting ” of tho 
fused metal, accompanied Lid 

by considerable temper atm o 
fluctuations, this could not be pi evented 
even by tho passage of a stream of pure 
nitrogen into the metal 

For the dnooi calibration oi a pyrometer 
m terms of the moltmg-pomt ol palladium tlie 
sun] host procedure is to make the palladium 
who a part of an olcctneal circuit and boat it 
up m a furnace under “ black body” conditions 
Tho mcltmg-j)omt can bo detected by the 
break of the circuit, and tlio tomperatuie at 
this instant should bo noted 
Tho molting- point of platinum can also bo 
employed as a fixed point m the same way 
i* (9) Calibration of Optical Pyrometers 
by (Comparison with a Standard Instru- 
ment — When an optical pyrometer has been 
standardised by leleteiKO to lugh tompciatuio 
molting points and its sc ale calculated, it is 
not a difficult matter to calibrate other instal- 
ments by oompai won 

A carbon tube furnace is suitable for 
tompouvbuios up to about 2500° (J This 
typo of furnace is very simple m construction 
The oar bon tube is clamped m water-cooled 
electrodes and heated by a current of several 
hunched amperes 

Tho incandescent tube is protected from 
oxidation by filling tho furnace shell with 
imoly divided lamp-black and the ends are 
closed by tlun glass windows A slieam 
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of nitrogen is passed through the tube to clear 
away any smoke pioduced 

When the furnace is at a steady temperatuie 
the pyrometers are sighted in turn upon a 
plug of carbon fixed about midway in the 
tube 

If instruments of identical construction 
have to be compared it is not essential to 
have a “ black body,” and the plate of a 
tungsten arc lamp 1 constitutes a convenient 
hot object to sight upon By arranging the 
ionising filament so that it can be heated inde- 
pendently of the current through the arc, it 
is possible to obtain a range of temperatures 
for the plate 

§ (10) Relative Merits of tiie Disappear 
ing Filament and Polarising Types of 
Optical Pyrometers — The filament type is 
essentially a telescope, and consequently it is 
easy to select out the object whose temperature 
is desired , the polarising type does not permit 
of a sharply defined image , m fact, the 
field should be a uniformly illuminated semi- 
circular patch A blui red image of the hot 
object is, however, distinguishable by moving 
the eye about a little 

With the polarising type it is necessary, 
when taking the temperature of a metallic 
surface, to sight normally since the light given 
out at oblique incidence is laigely polarised 

The polarising type has the following 
ad vantages 

1 Extrapolation of the scale on the basis 
of Wien’s or any other radiation law is readily 
effected, as the instrument is essentially a 
pliotometei 

2 The temperature scale is independent 
of the permanency of the electnc lamp, which 
is set from time to time agamst an amyl 
acetate lamp 

It should be observed, liowevei, that 
accuracy m this setting on the amyl acetate is 
of fundamental importance 
§ (11) Wave-length oe the Radiation 

TRANSMITTED BY THE RED FILTER GLASS — 

Over the range 700° to 1400° C , through which 
it is possible to calibrate an optical pyrometer 
against a thermo element under “ black body ” 
conditions, it is immaterial what the wave- 
length transmitted by the filter glass may be 
But when it becomes necessary to extend the 
Scale to high temperatuies, the use of a rotatmg 
sector or an absorption glass is necessary to 
cut down the intensity The higher range is 
calculated on the basis of Wien’s law as 
follows 

Calculation of the Constant of an Absorption Class 
or Rotating Sector — It is assumed that the absorption 
glass or sector cuts down the intensity of the light 
from the hot object m the ratio of Jc to 1 If T x is 
the observed temperature without absorption glass, 

1 These lamps are manufactured by the Ediswan 

Co for optical projection purposes 


and T, the appirent temperature of the same objei L 
with absorption glass, thou by Whh'i law 



wlieie c 2 is a numerical constant 2 whoso value j i 
14,350 micron dogiees and X is the wavelength 
so that T x can be calculated fiom the obsoi vod T a il 
h and X arc known fiom independent moaaiuemonts 
If the led filter glass was sti icily monochromatic 
the wave length Uansmitted X would bo a constant 
Thus it would be the stunt fm any < nt rgy distubut mu 
and tc mperatuio of soiuce 
As it is impossible in pi action to obtain absolutely 
monochromatic filter glass, the question anses which 
particular wavelength m the spectral baud turns 
nutted by the glass is to be employed m tin tabula- 
tions l 

In order to decide upon the apptopi into wave- 
length it is necessary to consider the function of the 
filter glass 

Now the quantities which aro actually computed 
m pyrometry are the integral luminosities as obsoi vod 
through the filtei glass, so it is obvious that the wave - 
length to bo employed m calculation (oi the 
“efiective” wavelength as it ih tunned) must be 
such that for any definite tompeiatiuo interval the 
ratio of the radiation intensities for tins wave length 
according to Wien’s law shall equal the lalio oi the 
integral luminosities as obsoi vccl lluongh the glass 

§ (12) Determination oe the ,f Effective ” 
Wave lengths for various Temperature 
Ranges — The following method Jor the dotoi- 
mmation of tho “ oilccLivo ” wave length tor 
the interval between two definite tempera- 
tures of a full ladiator has been doHcnbed 
by Hyde, Cady, and Forsythe (Hhoi 
methods, depending on a knowledge of tho 
sensibility curve oi tho eyo, have boon de- 
scribed by the same authois, by Pliant, and 
by Foote, who gives a mathematical treat- 
ment of the question 

( 1 ) Direct Determination — The latios of tho 
intensities of omission of the source for a 
numhei of wavelengths aio measuied, and 
these ratios compared with tho ratio of tho 
integral luminosities of tho radiation from the 
source, when observed through tho rod glass 
under test 

These measurements can bo made m two 
ways 

In one set of measurements tho ratios of the 
intensities of radiation aio measured with a 
spectiophotometei, and tho jatio oi the 
integral luminosities with a Bummer Br odium 
photometer having tho red glass over tho 

2 Foi a discussion of tho value of this (oust ant see 
“Radiation, Determination of ! awn of/* §§ (0), (J I), 

(I ^) 

2 This expression is also applicable for calculating 
the small absorption effect of a glass window closing 
a furnace 
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eyepiece In the other set the ratio of the 
intensities ate measured with a speck al 
photometer (Hennrng type), and the ratio of 
the integral luminosities with an optical 
pyrometer, either disappearing filament or 
polammg type, with the red glass over tho 
eyepiece 

(n ) Indued Determination — The results ob- 
tained by calculation from the transmission 
curve of the red glass (fiom which the integral 
luminosities aie calculated on tho basis of 
Wien’s law) and the sensibility cuive for the 
eye aie in close agreement with those obtained 
by direct experiment 

The pioceduie foi obtaining the values of X 
is labonous, and is resoiied to only in tho case 
of standard instalments foi use ai tempoia 
trues exceeding 1500° 0 


Foote adopts tho indirect method, hut develops 
the method of computation, so that tho oil active 
wave linglli for a definite temperature is obtained 
instead of over an interval of temporature 
His method of calculation is as follows 
Let the transmission coefficient of the glass, i e 
the iatio of energy transmitted to the incident energy, 
be denoted by l Then 7<,— f(X), where /(X) is ail 
unknown function to be determined experimentally 
And let the visibility cuivo foi the average eye ho 
represented by 

V=E(X) 


It is not necessary to know the mathematical cqua 
tions foi these as the graphic fonns of the functions 
are quite convenient 

Now according to Wien’s law the intensity at 
tenrpcratuie T x is 

E„ 

and at T 2 

JE t e ’(,l - J ) 
so that \ i 2 Ii/ 

E To 


Wince X may have any arhitraiy value, it can bo 
chosen so as to give the ratio of E,^ to E,p a the same 
value as the ratio of tho integral luminosities seen 
tiuough tho filter glass 

Let L x —luminosity at temperature T x , 

L 2 — luminosity at temperature T 2 

Then 

, CO |~00 

L x = ElVdX - E(X, r l\)l{\]V(\)dK 

<o ' o 

(*> 

L 2 = E(X, T 2 )7o(A)V(\)c7\, 

Jo 

r 

T E(X,T x )LVdX 

“1 Jo 

L "™ / 00 

2 I E(X,TJAV^ 

L x and L 2 can be detormmed by graphical intogia 
kon Let the iatio bo any definite number It is 
possible to so choose X in the relation E Tj /E Ta that 


E Ti /E^ — Lj/hj, Call this value of X, X m By 
substituting m the above expressions wc lnve 

M X "(■K) 

Mean X m - — - — l — 

log, L x - log, h z 

This is merely the mathematical form of the definition 
of effective wave length pioposed by Ilydc, Cady, 
and Eoisytho 

Instead, howov r, of refenmg the dlectrve wave- 
length lo a given tcmpoiatuie mteivil T x to T 2 it 
may he referred to a definite temper aturo by lettmg 
the two tempi ratures approach one another 
Assuming T x and L x constant and chopping the 
sufhxes, let r I\ and L a approach these values as then 
respective limits Then 

iQri) 

log L ~ log L a 

becomes, when numerator and denominator have 
been separately differentiate el with respect to T, 

1 


=hmit of r 


X m — 


~ 2 f a 

I dT ’ 
"L dft 


r 0 L 


T 2 


s c7L 

dT 


but 


r 

Jo 


ElVdX, 


dL 

dT 




LVdX 


dE 

dT' 


Hinco only E is a function of T 
Again, E=cA~ B< 


< 2 
at 


d\z 

dT * 

dh f* 

dT~J 0 


>e x \~ 5 e"~W 


G 


IVdXc^-h XT 


'Gf>) 


c a (° 
"T*Jo 


'IV ft dX 


sinceE-cA " 5 * 5 


£a 

' XT . 


r a L 


t t 4 


> ms 


d\ 


t 


L 

°° /l P 

“X 


dX 


f 


IVEdX 


> IVE 


dX 


This is tho off oo live wave length for a glass of trails 
mission k*=*f(X) for tompeiature T 
To lind X t M theiefcno, it is necessary to plot tho 
transmission curve, k, foi tho glass, the visibility 
curve, V, for tho oye, and tho energy ourvo, E of 
tho so ui oo 

Tho product of corresponding ordinates would 
give a now curve, tho area of wliioli is tho numerator 
of tho fraction representing X m 
Similaily a curve obtained by dividing each ordmato 
of tho previous curve by its X would give a ourvo 
tho area of which is the denominator of the fraction 
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A typical aeries of curves is shown m Fig 10 
But Foote points out that instead of plotting X 
in ten ms of E£V as oidmates, the ordinary luminosity 



curve, wo may plot VE/t/X as ordinates Then the 
value of X m is that value winch corresponds to the 
centre of giavity of the curve with icspcct to the 
E IV j\ axis 

Hence the tiuo effective wave length of a pyrometer 
glass is the wave length corresponding to the centre 
of gravity of the curve (j>(\)~EVlj\ plotted in teims 
of X, that is, the luminosity at any wave length 
divided by the wave length and evpiessrd m terms 
of the wave length 

Idle value of L ean bo determined foi various 
values of T, and lienco a curve found for X w as a 
function of T 

In Fig II is shown the lcsults obtained for typical 
glasses employed foi filter screens 



§ (Id) Effect of Change of Temperature 
of tiie Filter Class on its Transmission 
Coefficient — Another factor winch influ- 
ences the transmission coefficient of the rod 
glass is its actual temperatuie 

Rome observations have been made by 
Forsythe on the transmission cuives for a 
specimen of ted glass when maintained at two 
different temperatures 20° and 80° 0 The 
results are shown m Fig 12 Curve A gives 


the transmission of the glass at 20°, while 
curve B is the concspondmg one when its 
temperature is 80° The transmission is shown 
to decrease with mcieasiug tempeiatuio, the co- 
efficient of change being greatest in the slioi tei 
wave length The change is such as to make 
the tiansmission band appeal to shift to longer 
wave-lengths as the temperatuie is increased 
A test was made of the effect of this temper a- 
tuie shift of the transmission band on tein- 
poratme measurements when the led glass 
was used as a filter screen bofoio the oyepioec 
of a pyrometer The tempeiatuio of a caibon 
filament lamp opoiatcd at a temperature of 
about 1900° K 1 was measured with the red 



Wauo-Jength, in jj, 


FlG J2 — Spot toil Ti msmihsion of a Single 
Thickness oi Glass F-4GJ2 
A at 20° V , 7i at 80° CJ 

glass temperatuie at 20° and 80° (J , using a 
seetoi disc with a 2° opening, as this gives a 
largei effect than a seetoi disc of gieatei 
tiansmission It was found that there wars a 
decrease of about 5° 0 m the tempeiatuio 
obtained when the glass was heated to 80° 
over that obtained with a glass at loom 
temperatuie Hence it may bo mieritd that 
for all oxdmaiy room tempeiatuio changes the 
effect is negligible 

§ (14) Spectrosoopicj Eyepiece — Pi actr - 
caliy all modem optical pyromoteis have ml 
filler glasses for pioducmg approximate mono- 
chromatic radiation, and as shown above it 
is possible to obtain the effective wave-length 
of such a glass, which is equivalent foi the 
purposes of calculation to the case of poifoet 
monochromatism 

The early forms of optical pyiometer of the 
polarising typo had direct vision prisms in 
place of filter glasses, but practical require- 
ments demanded that the slit opening should 
be so wide that the spectral band transmitted 
was no bettor than that transmitted by a 
filter glass If, however, the conditions ol 
the experiment aie such that nanowei slits 

1 The symbol TC denotes tlio absolute thermo- 
dynamic scale of temperature 
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aie possible the system olTeis certain advan- 
tages Mendenhall, m some of his woik on 
the disappearing typo of optical pyiometci, 
used a spectioscopic cyexucce The fitment 
consists of a small auxiliary eyepiece, and a 
totally leflectmg pi ism winch slides m a side 
tube just beyond the lamp The images of 
the comparison filament and of the hot surface 
are tin own m sharp focus acioss the middlo 
of the spectioscope slit by means of an mtei 
mediate achromatic lens, the pnmai y image 
of the hot surface ha\mg picviously been 
In ought into the plane of the companson 
filament by focussing in the usual way 

The eyexnece and ocular slit of vanablo 
width are movable with a miciomoter sciow, 
giving about 500 divisions for the visible 
spectrum, and it is easy io work with an 
oculai slit covering not moie than 25 A U 
(=0 0025 fx) The field then shows a central 
band due io the filament bordered by light 
from the hot object 

A comparative senes of tests on the same 
object undei tlie same conditions, employing 
m the one case a spectroscopic oyopieco and m 
the other apiece of led Jena glass having a ma\i 
mum ordinate at X — 0 052 p, is given below 
The distribution of light m the transmission 
spectrum of the led glass was detei mined by 
speotrophotometnc observations 


Tempeiature, 0 O 

Temperature, ° C 

lied Glass 

Spec trosc opi< Byopioi e 

1003 

1002 

1858 

1861 

1900 

1000 

2000 

1995 

2370 

2380 


§ (15) Rotating Sector Method of be 

DUCTING TJIE INTENSITY BY A DEFINITE AMOUNT 
— Rotating sectois have been advocated by 
some obseivcis for cutting down the intensity, 
since it is then possible to obtain the coefficient 
of transmission by actual measurement of the 
sector 

(l ) The Sectors — Mendenhall employed 
sectois 13 5 cm m diametoi With discs of 
this diameter it was found possible to cut 
radial openmgs as small as 3°, giving a factor 
of 1/120 

The absence of any error duo to diffi action 
was proved by comparing the effect of ton 
equal and separato openmgs with that duo to 
a single opening of the same total area 

The lange of temperature available with 
various- sized sectois is illustrated by tho follow- 
ing example 

A pyrometer calibrated with full aperture 
had a scale covering the range up to 1549° 0 
(melting-point of palladium) with a 1/60 
sector the range was from 1755° to 2182° 0 , 


and with a 1/180 sector the scale was e\i ended 
to include the meltmg-pomt of tungsten 
(3300° C approx ) 

Foi the veiy small apei tines it is advisable 
to use a large disc Mondenhall employed one 
of 27 cm diameter with an opening of 1 7 mm 
at its nariow r cst part, whilst sectois 35 cm 
n diametoi oi biggei are dcsuablo in pieusion 
w or k 

Tho table below gives the transmission 
value of a number of sectois and the apparent 
tempeiaturcs r J\ 

Tram RArimr corresponding to niFi-LRiNr Put 

CJLNTAOES OF Till- R\DIYlTON MOM A BlYCK 

Rom itirm yt Tim Tempi- kapurv of Mn ting 
Palladium (1828 Ri-a h), usino Red (hiss 
wian an Ei - motive Wave li Nam which 
\ YRII S AS IS SHOWN IN COLUMN 2 


* Last digit In tins column approximated See tois 
about 35 uu In diametoi 

( 11 ) Speed of Rotation of the Sei tors — 
Forsythe has investigated the speed necessary 
for rotating sectors and lus conclusions are 

The seetoi must 1 otato at such a speed that 
no flicker is noticoahlo To accomplish this 
tho alternations must be at least 30 to 40 
per second* This is foi tho condition where 
tho open and closed spaces of tho sector are 
about equal m swe If thoio is a very great 
ddleionco between the ojion and closed paits 
of tho sector, as for instance m tho ease of tho 
2 deg sector with Wo 1 -deg openings, the 
speed must he higher If tho motor available 
will not rotate the sectors fast enough when 
there is but ono opening and one dosed part, 
it is often a great help to make moio open 
spaces A good plan is to have six opomngs, 
which will reduce tho necossaiy speed con- 
siderably For a small sector having a l dog 
opomng this as impossible without making 
tho soetor too huge, because if the soctoa 
opening is too small there as clangor of an 
onoi due to diffraction In this case, with 
a sector 35 cm m diamotei, it is necessary 
to havo a motor that will iotate it something 
like 3500 rpm 

In Fig 13 aio shown the values found for 
tho transmission of a 180-deg sector as a 
function of the speed m alternations per second 
Tins transmission was measured with tho 


= 14,150 H degrees 


Tr msmiHsicm 
of Sector * 

* 

To Reg K 

0 749 

0 6652 

1785 

499 

0051 

1727 

2443 

6055 

1012 

0830 

6057 

1509 

0330 

0058 

1420 

01608 

6059 

1356 

00542 

0062 

1207 
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optical pyrometer It can be seen, as shown m 
the curve, that the value found is constant 
and equal to the transmission of the sector 
for alternations above about 30 per second, 
but below that the transmission at first be- 
comes smaller and then larger, and an apparent 
transmission of over 100 pei cent is obtained 
for a speed of alternations of about 1 per second 
The transmission, of course, approximates 100 
per cent for zero speed 

The values found for the transmission for 
speeds corresponding to alternations between 
10 and 30 per second are due to a flicker which 
bothers the observer It might be that another 
observer would get shghtlv different values for 
the transmission of such speeds For speeds 
slower than 10 alternations per second the 
observer attempts to make settings when the 
open part of the sector is passing before the 
opening There is a very great flicker and 
settings are at- 
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tempted, usmg 
only the bright 
part The value 
found for ex- 
tremely low 
speeds is due to 
the apparent 
over-shooting of 
the brightness of 
the source when 


viewed only foi the short time as compared 
with the pyrometer filament, that always has 
about the same brightness 
If the sector has a long opening measured 
m the direction of the radius, care must be 
taken to always use about the same part of this 
opening This is to avoid error due to the fact 
that the radial sides of the openmgs may not be 
straight or may not be m a radial direction 
§ (16) Absorption Glass for reducing 
the Intensity — For most work the use of a 
neutral -tinted glass is to be preferred on 
account of its simplicity, but it has the dis- 
advantage that the effective wave-length 
shifts towards the green with increasing tem- 
perature The best neutral glasses are far from 
being neutral The transmission coefficient 
of the glasses obtainable varies considerably 
through the visible spectrum 
In Fig 14 are shown some typical trans- 
mission curves for various absorbing glasses 
The degree to which it is necessaiy for the 
absorbing screen to have a spectiai trans- 
mission independent of the wave - length 
depends on the monochromatism of the filter 
glass It is evident that if the red filter glass 
is absolutely monochromatic any absorbing 
glass will be satisfactory If it transmits a 
band of appreciable width, then colour differ- 
ences are encountered which renders the 
matching of the brightness extremely difficult I 
le total transmission of the absorbing I 


scieen when used m conjunction with a Jed 
glass in the eyepiece in the usual mmmoi tan 



Fig 14 — Spectral Transmission ol Various 
Absorbing ( i lasses 

Cuive 7>\ Telia absoibmg gl m I r > nun 1 hick , < m vo 
C, Novrwcld, obtained Jioin Coming (Him Works, 
shade about 0, oiuvo /), Leeds A Not (In up absorb- 
ing glass nude ol pm pie and gr < < a fd iss 

be calculated foi any black body dHtnlmlmri 
by the following formula - 

Total transmission coefficient n ^ > 

I W 

L wy v* 

where E = black body etioigy lot mlcuwd \ (o 
A + d\ x and V = visibility and l n spectral 
transmission of icd and absorbing glasses 
iespoctively 

It is evident that if the spectral l runs 
mission of the absoibmg glass is different foi 
different wave-lengths, the total transmission 
wall be a function of the temporal too ol (he 
soutce undei investigation 
In Fig 15 is shown, aw a function of the 



fig 15 Total Transmission of Absorbing (iliuwrM, ns 
a .function °l’ Temperature when uwd wilh litil 
Glass No 45 J 2 — 5 8 mm thick 

PjcccH »Tenn absorbing glims ; />’, one 
ab «r I,i , npr g l aHH NovhveUl glens horn 
Corning Glass Works Graves drawn through point \ 
calculated tiomibeabovo euua tlon Giohhoh i ( pi es< nt, 
values ot transmission obtained with opt lull pun 


temperature of the smireo, the total iranw 
mission for red light of tho absorhmg glasses 
having the spectiai iiunHUUMMiort given hy 
curves B and 0, Ftg 15 
Tho data weio obtained hy Forsythe, w ho mil 
ployed a double thickness of tho led fill or ghiHH 
whose spectral transmission uy shown in Fig 13 
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^ ( 1 7) Distribution of Energy in the H lat 

EMThSrON fll+OTRITM 01 TTIE Ml TARS AND 
OoURECJTTQN TO OPTICAL PYROMETER READ 
in os * — While Planck's formula is capablo of 
representing with considerable accuracy the 
(iistubution of eneijiy among the wave-lengths 
of the spectrum of a “ full radiator,” the coire- 
Hpomling problem for a metal has not yet 
been solved Attempts have been made to 
apply a modification of Wien’s foim of equa- 
tion to icpiesent the distubution of energy m 
the heat spectia of the metals, such as 

-e' a 

E x ~c x 'X~ a e XT 

Foi platinum Paschon obtained the value 6 4 
foi a , Luinmer and Pungsheini, 6 0 , while 
IVTCVuiloy, m a detailed investigation, was un 
able to hud any constant value of a to satisfy 
either the equation oi a modified form of 
Planck’s 

A considerable amount of experimental data 
has boon accumulated, which is of practical 
value', insomuch that it permits of the calcula 
lion oi the corioctions to tompeiature obseiva 
iioiiH on such aui faces when taken with an 
optical pyromotei calihiated under “black 
body ” conditions 

Un foi timatcly, however, such corrections 
can only bo legal dod as approximations, since 
it has been shown that the slightest oxide 
film seuously affects the omissivity of a metallic 
mu face 

The vvoik done on this subject may bo 
roughly grouped undei two headings the 
one in winch experiments have been made 
with spectial bands of appreciable width, 
such as those obtained in practical foi ms 
ot optical pyrometers, and over extended 
ranges of tompeiature, the other m which 
expei nneuts have been made with almost 
monochromatic illumination foi various wave- 
lengths m the spectium, the investigation 
being usually eoniinod to a few steady tem- 
per ft tuies 

^ (IN) EMrssiviTY of Iron Oxide — When 
non is heated m an to a tompeiatuie of 
about 800° (J its siufaco becomes covered 
with a buttle coating ot oxide, apparently 
consisting of FoO and Fo^Oj m vaiious pro- 
portions Til appeal ance the surfaco is silky 
and pitted with mmuto depiossions, which 
pioduee the same effect as a collection of 
mum to “ black bodies,” and consequently the 
surface has a high ormsamty Burgess and 
Footo have measured tho omissivity of this 
oxide suiface 

A small sample of tho oxide was boated up 
on a platinum strip and its apparent tempera- 
ture observed with a disappearing filament 
type of optical pyrometer, having a red glass 
\uth transmission band at X=0 05 g 

The true tompeiature was obtained by 


placing on the platinum stnp minute specimens 
of NaCl, NaBO,, and Au 
The table below gives the emissivity of the 
oxide surface at various temperatures 


Mtltluf, 
point of 

True Tom 
pt, ratuie 

Apparent 
Tempera 
ture ° G 

Average 
Dev ntion 
from Mean 

Ennssmty 

NaCl 

801 ±1 

801 

±1 5 

1 00 

Na 2 SO d 

884 ±1 

882 

±3 

0 97 

Au 

1063±2 

1058 

±2 

0 94 


The emissivity is (§ (12) (n )) given by the 
equation 

1 1 __ X , 

4343Y a i0gl0 ^ 5 


where T is the true temperature, 

8a is the observed temperature, 

X is the wave-length of light considered 
measured m fi units, 
c 2 is Wien’s constant (it was assumed to 
be 14,450) 1 

The emissivity appears to decrease slightly 
with increasing temperature, tv hicb is the case 
also with nickel and other oxides 

The authors ignore the observation at 801° C , 
and by extrapolation— assuming a straight line 
— obtain the following corrections to reduce 
apparent to true temperatures 


Observed Temperature, 

0 G 

Correction, 

Q c 

GOO 

0 

700 

0 

800 

+ 1 

900 

+ 2 

1000 

+ 4 

1100 

4- 6 

1200 

+10 


§ (19) Emissivity of Copper and Cuprous 
Oxide — Burgess investigated the emissivity 
of a clear copper surface and one of the 
oxides, employing the disappearing filament 
type of pyiometer with red (X = 0 6o g) and 
green (\ = 0 55 g) glasses ^ 

The copper was contained in shallow cru- 
cibles of magnesia and graplute, about 8 cm 
inside diameter These were heated m a gas 
furnace, and by regulating the gas and air 
supply it was possible to obtam either the 
clear metal suriacc or the oxide surface The 
crucible was set m the furnace so that the 
flames could not play on the surface, and also 
in such a position as to avoid dneet ladia- 
tion fiom the walls of the crucible into the 
pyrometer 

In the case of the rough oxide surface diffuse 
reflection from the surface might vitiate the 
observations But when sighting on the 

1 The value generally accepted at the present date 
is 14,360 The tactor 4343=logio e 
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mmor-like surface of the molten, metal only 
specular reflection was possible, and there 
could be no error due to this cause, unless the 
image of some hot object was actually visible 
m the telescope 

Temperatures were measured by means of 
a thei mo-element bent mto the form of a crook 
From the observations the following equa- 
tions were deduced, in which t is the true 
temperature centigrade and s the apparent 
( 1 ) Cleat Molten Colter Surface 
Red light (X =0 65/4) 

< = 1 5155-359 
Gi eon light (X = 0 55 g) , 

i = l 515 s- 477 

Hence at the melting point the apparent tern 
jierature, with the red glass, is too low by 130° 
The green glass gives a temperature 78° 
higher than the red glass throughout the range 
Burgess states that m deducing the equa 
tions a slight allowance was made for the fact 
that the optical readings would tend to be too 
high on account of the slightest traces of 
impuiity on the copper surface 
The maximum difference between the ob- 
served and computed values of the tempera- 
ture over the range 1073° to 1200° 0 was 
about 13° 

(n ) Oupiou 5 Oxide Siaface — The formation 
of an oxide film caused an apparent increase 
of 100° m the temperature of the molten 
copper when observed with the red glass, 
and 35° m the case of the gieen glass 
The smaller increase with the green glass is 
due to the fact that molten ooppei radiates 
strongly in the green This greemsh appear- 
ance persists m the case of incandescent sohd 
coppei, as may be observed by adjusting the 
gas feed to remove surface oxidation 
The relation between the apparent and true 
temperatures, m the case of the oxide, is not 
quite linear This can be seen by a considera- 
tion of the data m the Table below, which 
refer to the red hght of wave-length X=0 65 /t 


Pjrometer Beading, 

° G 

True Temperature, 

O Q 

Molten Copper 

950 

1082 

975 

1118 

1000 

1156 

1025 

1193 

1050 

1231 

Cuprous Oxide 

900 

903 

950 

958 

1000 

1020 

1050 

1087 

1100 

1159 

1150 

1233 


EMTSsivirri s 


Tempentuii , 

°U 

\ = 0 (> r > p 

A - 0 55 


Molten Coppn 


1075 

0 17 

0 17 

1125 

0 15 

o ,m 

1175 

O It 

0 u 

1225 

0 1) 

0 28 

Cv punts Oxult 


1000 

0 80 


IKK) 

O (>0 

0 (18 

1200 

(0 K» 

(0 10) 


The collections nooessaty to tempi inline 
observations with an optical oi total ladmlmn 
pyrometer whom sighted on coppci and mppot 
oxide surfaces are shown giaphioaliy in Suj 16 



Fig 16— Blade Body TompointurcR foi Liquid 
and Oxidised t'oppci (A< 0 06/0 


§ (20) Emissivii'Y of ^iilid and bigmn 
Gold — -Gold is one of Urn moinlh which 
does not oxidise appiecuably when heated 

Both coppet and gold onut gioiuiish m 
bluish hght at high torn porn linos Stubbs 
and Pridoaux made a study of llm eimssmi v 
of gold The iiwliatimi of the vauoun wave- 
lengths was moasui ed by means ol a K<mig 
speotiophotomotcr and direct comparison made 
with the radiation from a, “ black body ” at* 
the same tern pci a tui o 

The metal was contained in a mbea capsule 
of 4 5 cm diametoi and 6 mm (loop. The 
“ black body ” was placed m exactly (he Home 
position for the second oxpoumonL U con- 
sisted of a cylmducal giaplufe block, II cm 
long, 5 cm m diameter, m the ecmtio of wduuh 
a hole 12 mm m diamotor by 9 cm deepwm- 
bored 

True temperatures wore obi anus l by means 
of thermocouples 

In the caso of the gold the two couples 
dipped mto the metal, one on either side ol 
the field of view Owing to the shallowness 
of the depth of immersion an error of (he 
order of 6° at 1000° 0 was introduced m the 
observed leadings A coirootion was applied, 
this being determined by obsorving (bo ap- 
parent freezing-point Two couples wmo also 
embedded m the graphite. The black body 
conditions were sufficiently ported to make it 
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impossible to distinguish the white thermo- 
couple when it pi ejected into the centiai hole 
(i ) Impuiihcb or Inequalities in the Gold 
Mut fate — Any slight surface film present was I 
ion nd to pi educe ail incieaso m the led xadia- 
iion m which iho gold spectrum was weak 
The impuutics were got rid of m the case of 
the molten suifaco by the application of boiax 
The solid gold suifaco proved to be more 
difficult to obtain fiee from oxide 

It was found that a suiface turned flat, 
treated with four grades of fine cmeiy powder 
and then with jeweller's rouge, gave an ap- 
pal ontiy potfo( t minor On heating, however, 
a conspicuous led film was produced This 
film could be removed by lopoatodly treating 
the Hui bun with boiax at a temperature near 
the melting point Although a eleai , solid gold 
mu lace was obtained when the liquid solidified, 
it was geneialiy uneven owing to contraction, 
uystallisation, etc , and consequently reflected 
heat from the furnace walls into the spectro 
photometei 

Occasionally by very slow cooling an area 


discontinuity occurred m the emissivity wave- 
length relationship, the relative emissivity in- 
creasing m the red and deci easing m the violet 
.Roughly the emissivity foi red light of the 



O 45 o 50 0 55 O 60 0 65 0 70 

Waue-tength in (i 

Fig 17 — Diagram to illustrate Emissivity of Gold 

solid gold is only about three-fifths that of 
molten gold 

For the limited range of temperature in- 
vestigated (110° C m the ease of the molten 
state) no change of the relative emissivity of 
either molten or solid gold with temperature 
was observed 


Emissivity of Gold in Tin Solid State 


Wave-length 


0 7011 
0 (>712 
0 (> 100 
0 (>1 19 
0 5895 

o r>()io 
o nils 
o r >w> 
o iimi 


040° 


[0 104] 
[0 1401 
[0 100] 
[(/ 108] 
0 211 
0 U5 
0 870 
0 520 
0 505 


Tompoiiitme, °0 

Me m Ennssivitv 

1010° 

1061° 

1040° * 

[0 114] 

0 103 

0 103 

0 103 

0 114 

0 114 

0 116 

0 114 

0 144 

0 143 


0 143 

0 172 

0 171 

0 178 

0 175 

0 229 

0 221 


0 229 

0 291 

0 289 

0 361 

0 301 

0 371 

0 366 


0 371 

0 465 


0 516 

0 494 

0 402 


0 541 

0 531 


x nnii m this column refer to a surface nauiriuy uwu. ™ 

VaUu's Silos “l m liilwkds L J wc oDUmocl with a Miriam luvmg a slight Dim ov. r it 


could ho obtained which was face from nn 
evenness 

The following values woic obtained foi the 
oiniHHivity of molten gold at the temperature 
of iIh fieo/unv point 


Emissivity oi< Uoid in this Molten State 



— - - 

— 


Wave- 

length 

Jfimmvily 

Wave- 

length 

Emissivity 

0 7014 

0 184 

0 5649 

0 347 

0 0712 

0 203 

0 5418 

0 390 

0 0109 

0 232 

0 5180 

0 434 

0 OHO 

0 263 

0 4901 

0 473 

0 5895 

0 304 

0 4750 

0 503 


Pm solid gold at various temperatures the 
values tabulated below woro obtained The 
data aro shown graphically m Fig 17 

Stubbs and Pndoaux observed that m pass- 
ing from the solid to the molten state a sharp 


Prom the above values of the emissivitie3 
the “ black body ” or true temperatures 
coiiospondmg to various values of the apparent 
temperatures can readily he calculated from 
the relationship 


1_ J__X 

T S a ~"c 2 



where E //Ea is the emissivity for wave- 
length X 

True Temperature, 1063 2° C 


Wave length 
m n 

Apparent Temperature, °C 

Solid State 

Molten State 

0 7014 

891 5 

931 

0 6490 

925 5 

956 5 

0 5895 

964 

982 

0 5418 

1000 

1003 

0 4961 

1025 5 

1019 


2 XT 


VOL I 
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The data in preceding table give the apparent 
tempeiatures by Wien’s equation for vaiious 
wave-lengths coriespondmg to a true tempera- 
ture of 106 3 2° C 

§ (21) Solid and Molten Copper and 
Silver — An investigation on the same lines 
as the above described in the case of gold was 
carried out by Stubbs for the metals silvei anc! 
copper 

( 1 ) Copper — The metal was contained m a 
silica pot and heated m a closed furnace with 
a hydrogen atmosphere, the observations being 
taken through a glass window (microscope 
covei glass) 

The block of copper (4 2 cm diameter) was 
turned up to a flat surface, rubbed smooth 
with emery paper, and polished with metal 
polish The use of rouge was avoided as it 
was found to tarnish on heating No tiace 
of filming was observed, and the surface 
showed no deterioration until a temperature 
of about 10° from the melting pomt had been 
attained, when recry stalhsation rapidly set m, 



Fig 18 — Diagram showing Emmivities of 
Solid and Molten Copper 

and this produced stray reflection of light 
from the furnace wall into the pbotometor, 
owing to the roughening of the surface 
A perfect mirror of molten copper, fioo from 
film, was obtained without difficulty 
The emissmties for the solid and molton 
copper for various wave-lengths are shown m 
Fig 18 The values are for a temperature of 
1010° C for solid copper and 1130° C for 
molten copper As in the case of gold, there 
is a discontinuity at the meltmg-pomt, but of 
smaller magnitude 

The values differ markedly fiom those 
obtained by Burgess described above 
This may he due to the fact that the ex- 
perimental conditions in Burgess’ work were 
less favourable, and that the reel glass of his 
pyrometer transmitted a comparatively wide 
spectral band (100 pp), while the width of the 
band m the photometer employed by Stubbs 
and Pndeaux was 8 gg 

(n ) Silver — It was unnecessary to take the 
extreme precautions for the exclusion of oxygen 
in the case of silver as for copper A satis- 


factoiy icducmg atmosphmo was pi educed 
by placing a small quantity <>t powdued 
graphite m the furnace below the (imiblo 
containing the silyei The solid natal mu Luo 
lost its polish on heating, so that no nuasuie 
ments could be made of its tine omissivitv 
The emissmtv (, i the molten surface loi 
various wa\e lengths is shown m Fuj 19 
Theie appealed to bo a slight m< lease m (lie 
lelative emmsivity with tempeiatiue, but 
owing to the small magnitude ol the coefiu lent 
the authois aio m some doubt as to its leal 
natui e 

The appaiont tempeiatmes eon ospoudmg 
to the vanous wave lengths at (ho melting 
points of the metals aio given Inflow 


Wave- 

length 

111 pp 

Copper, m p I0b3 C 
Appan ill 
Tompciatuie 

Mlvm, m i) OOP 0 
( Liquid ) 

Vppnn id 

Solid 

Liquid 

Tmuponihuo 


700 

890 

917 

792 

050 

924 

912 

801 

000 

900 

973 

810 

550 

1007 

1003 

831 

500 

1028 

1020 

815 


§ (22) EMissivm ok Poiisiihu Pmttnum 
— The peimanency of a polished platinum 
surface gioatly simplifies the study of the 
emissivity of the metal at high tompoiatines 
Holbom and Kuilbaum, and Waidnei and 
Buigoss have independently mvesligaled (lie 
difleioneo between the apparent and true 
tempeiatmes foi approximate !y monorfuo 
matic radiation of a platinum smlaee The 
former employed a small box of platinum, 
with a thermocouple m the uitonm, to give 
the true temper atm e, the apparent (empeiatmo 
being obtained by means ol an oplnal p>io- 
metei 

The latter wotkecl with a Joly moldomotei, 



SOO 700 OOO 1100 1300 1600 1700 1000 

True Temperature, Deg, Oent 

Eig 19 — Tlclatlon between True and Appiuont 
TompoiatmoH Coi Platinum (A, 41 051 p) 


which consists of an electrically heated 
platinum strip tho expansion of which la 
measured by a miciomotor screw. 
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The apparent tompeiature of the stup was 
determined with a “ disappearing filament ” 
type of optical pyiometei 

True temperatures were obtained by call” 
biating the strip by mclting-pomts of puie 
metals and salts 

The clectuc contact miciomctcr permitted 
of accurate cletcmnnations of lengths cone 
spending to the melting-temperatures of minute 
specimens heated on the stup 

The iclation between appaient and true 
tempeialuics is shown m Fig 19 

*5 (23) Distribution of Energy in the 
Spectra of Platinum, Pat ladium, and 
Tantalum — McCauley has investigated the 
distubution of energy m the heat speck a of 
platinum, palladium, and tantalum over a 
wide lango of tcmpeiatuio 

The expeuments were made on electrically 
heated stups 3 5 cm long, 0 05 mm thick, 
by 7 mm vide, folded mt< wedge-shaped 
filaments with 12° angulax opening 

Tlie “ tiue tcmpeiatuio ” was deduced fiom 
obseivations of the iadiation from the interim 
of the wedge, using a disappearing filament 
typo of optical pyrometer 1 

The distribution of energy was obtained with 
the usual speck o bolometnc anangoment 
With tantalum gieat ptec autumn had to bo 
taken to obtam the highest vacuum m tbo 
enclosure containing the hlara out The slightest 
tiace of iesidual gas would cause the resistance 
to mcioaso rapidly, the metal becoming brittle 
and losing its metallic appearance 

If the \ aouum was satisfactory the metal 
aftei hoatmg icmamcd blight and ductile 
except foi a slight flaking off at tho highest 
tempoiatuics 

The speck ai enci gy curves for platinum, 
palladium, and tantalum wexo poifectly con- 
tinuous and showed no bands of selective 
emission They resembled guieially those of 
a “ black body,” but no modifications of Wien’s 
or Planck’s ioimulae weio found capable of 
resembling the cuives ovoi tho range Taking 
tho gonoiai ioim of Planck’s equation, 


and determining a mean valuo of a from the 
data of a given isothermal emvo, McCauley 
found that 1 ho c omputod emission tor palladium 
was m general fiom 4 to 7 time's smallei than 
the observed value at 0 jj, The agreement; was 
bettei foi shorter wave-lengths and corre- 
spondingly wo iso for longer ones 

for all tlnee metals the emission diminishes 
more rapidly than ib at of a “ black body ” at 
the same tompeiature m tho mfia red 

The wave-length of maximum emission 
shifts much moie slowly towards tho shoitei 

1 This device for oh taming “ full iadiation ” is 
discussed m detail in § (24) 


wave-lengths foi increasing tempeiatuie than 
for a “ black body,” especially at the higher 
temperatuics The product \ n T increases 
with tompeiature, and the constant value for 
platinum found by Lummet and Pimgsheim 
is piobably m euoi Their value of A W T = 2620 
is correct only m tho neighbourhood of 
2000° abs 

§ (24) Melttng -points OF Refractory Ele- 
ments and Compounds — Eor melkng-pornt 
determinations at tcmpciaknes exceeding 
1 500° 0 it is advisable to employ some type 
of pyiometei based on tho laws of iadiation, 
pieloiably of the oplmal type 
Tho measurement of the appaient tempera- 
ture usually presents no difficulty but tlie 
determination of tho emissive pow er, anclhonco 
tho collection of “appaient” to kuo tom 
peratuies is a koublesomo operation 
If tho conditions permit of tho material being 
healed unclei black body conditions, then the 
kuo melting point can be obtained by direct 
observation 

Kanolt, ±oi example, dotoi mined the melting- 
point of tho icfiactoiy oxides — lime, magnesia, 
alumina, and chioimum oxide — by heating m 
a giaplnte spnal furnace The material was 
contained in a eiuciblo with 10 entrant tube, 
and a heating up ciuvo taken with a pyiomeicr 
sighted on the bottom of tho ic entrant tube 
(see Fig 10) At tho molting point a halt m 
the kme-tempciatuie curve is observed 
The matenal of tho crucibles had to bo 
chosen so as not to react with the chaigo 
(haplnto and tungsten crucibles wore found 
satisfactory for tho above oxides 
(Sometimes the material is so costly that 
sufficient quantity to fill a etunblo cannot bo 
obtained, so tho chi cot method cannot ho 
employed 

Mendenhall and Ingoisoll adapted tho 
Nomst glowei as a source of high temperature 
heat supply foi the detoi mi nation of tho 
moltmg-pomts of rhodium and indium A 
polarising typo of pyiomoter was used for 
taking the temper akuo of tho Nomst filament 
(see Fig 20) The appaiatus was calibrated 



fiom tho known values of tho molting points 
of gold, palladium, and platinum Tho metal 
undor test was in tlie form of a minute globulo, 
diameter of tho ordor of 0 05 mm , which was 
obsorvod by means of a microscope By 
careful manipulation of tho current thiough 
tho glower it was possible to maintain one part 
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melted and the other part solid m the case of 
most of the metals The method, of course, is 
only applicable to metals which draw into 
deal metallic beads and winch give consistent 
readings for successive melts 

The metals tungsten, tantalum, and 
molybdenum bemg readily oxidisable cannot 
be studied by any of the previously descnbed 
methods Hence the experimental arrange- 
ments must be such that the electrically 
heated sample gives ap- 
+ proximately “full radia- 

OjS S tion ” 

L Mendenhall accom- 

/// | M phshed this by means of 

/py | jf a narrow wedge opening 

//' 1 F "f formed by folding on 

' | tLI s itself a sheet of the 

A/ Jj 5 ^ material being studied 
Ay/ | SpJc The airangement of the 
jy H apparatus is shown m 
I tPl-Ti Fig 21, where P is a flat 
conducting ribbon, heated 
' /AA\ DP" by a longitudinal electric 

current, as shown, and 
Fig 21 folded on a line paiallcl 

to the length so that 
the resulting cross section peipcndiculai to 
the current how is a very narrow V — say 
with about 10° angular opening If the 
nbbon is of uniform thickness and width, 
it will bo raised to a uniform tempeiature by 
a given cuirent, except neai the ends The 
inside of the V might be then expected to bo 
a close approximation to a black body, since 
it has but a small opening and uniformly 
heated walls, and if this weie so, observations 
on it with an optical pyrometer would give 
the true temperatuie of the inside walls The 
outside of the V will give radiation character- 
istics of the material of the ribbon 
The questions arise 

(1) How closely does the radiation from the 
inside of the V approximate to that of a 
black body at the temperature of the inside 
walls 9 

(2) How much real tempeiatuie difleionce 
is there between the inside and outside 
surfaces of the wall of the V ? 


The first of these two questions is answered 
by consideung the building up of radiation 
within the V opening by multiple reflection 
In Fig 22 a V opening is formed by bending a 
specular reflecting sheet 
Points A, B, C, D, 
E, and F aie points 
of reflections for a ray 
Fig 22 which may be imagined 

as entering at P If 
the material of the V is radiatmg, m conse 
quenoe of its temperature, for any range of 
wave-lengths, the brightness of the point F, 
as viewed from Q, maybe considered as made 



up of vanous components hist, tlut duo to 
the natural ladiation from F, second, that 
duo to the natuial ladiation from E idler tod 
at F, thud, that due to the natuial radiation 
fiom I) which is twice reflected at E and at 
F, etc Limiting ourselves to a small wave- 
length interval, lemombenng aecoiamg to 
KirchhofTs law that the reflection factor ; m 
equal to 1-e, and leprosentmg by 1/ the 
spectral brightness of a bhu k body at tho 
temporalmo ol tho material of tho V, and 
by If tho corresponding spectral brightness 
of the point F as viowod fiom Q, wo have 

b"=zcb '~ | 7 cl /- 1 i *d/ + 7 11 cl/ 

~cl/( 1 -r n ) 

With a V opening of 30°, as suggested by 
Mendenhall, n will bo equal to IS Thus with ? 
equal to 0 7 (which is roughly the value for tho 
mateual used oiigmally by Mendenhall) If/b is 
found to be 00 8 per cent, tlmt is, the jadia- 
tion fiom tbo V cavity may bo said to lie 90 8 
pei coni black, a satisfartoiy approach to 
black body ladiation 

The second question t elating to tho tem- 
peratuie diiloieuco between tho inside and tbo 
outside of tho V opening was settled by com- 
puting tho diffoieneo m temperature fiom tho 
known dimensions, tho cleetueal input, and 
the thermal conduetivity of the maternal For 
tho platinum wedges used, Mendenhall found 
a difloronco of tho order of a lew tenths ol a 
dogree Uis results on platinum agreed quite 
well with the previously mentioned lesults by 
Holbom and Kuilbaum and by Waiduer and 
Burgess 

Later Mendenhall and Forsythe applied 
this method with considerable sue cess to 
tungsten, tantalum, molybdt uum, and carbon 

Wlule tho V method of obtaining the tiuo 
tempeiatuie of tho material being m\ castigated 
was thematically a considoialilo advance, it 
loft some uncertainties The method de- 
manded a uniform temperatuie over relatively 
large piano sui faces Moreover, m on tain 
eases, partioulady m connection with tungsten, 
trouble was experienced due to the two 
separate sheets, found necessary at that 
time m making up tho V, separating so aw 
to leave a gap between the two parts 

Woi thing devised another method of efloet- 
mg tho same object Ho employed a hollow 
cylindrical tungsten filament perforated with 
small holes. This was mounted m a huge 
lamp bulb 

Ectormmations of the Inightness wore 
mado by sighting on a hole and on tho adjacent 
surfaco The ratio of tho latter brightnosn 
to the former when corrected for (1) tho 
difference m tcmporntuio between tbo interim 
and the surface, (2) Jor tho departure fiom 
“full radiation” of that from tho interim 
due to the presence of tho hole, (3) for tho 
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lack of fiymmr tiy m the temperature distnbu- 
tion ovei the filament, gives tho emissive 
power ioi the metal at that temperature 
A lineai relation was obtained between the 
emissive power and the tiue temperature 
ovei the lango 900° to 2900° C , the values at 
those two temperatures bung 0 467 and 0 406 
respectively for X -0 06b p Tho coriespond- 
mg collections to conveit appatent to tiue 
tempei aturea are 33° and 375° C 
Assuming that tho lineai relationship be 
twoon emissive power and temperature for 
solid tungsten continues to hold up to the 
melting point, this occuis at 3360° C 

Idle appai wit tompoiatuie (for ied radiation) 
of tho molting point is 2870° C , and tho 
onussivity 0 ,190 


It is advisable to make the intensities of the 
light ftom the lamps and the standard 
approximately equal to facilitate comparisons 
of the colours In the table below are given 
some data by Hyde foi commercial tungsten 
lamps m which the true tempei ature, the 
colour temperature, and the apparent or 
brightness tempei ature are compared with, 
the lumens per watt It might he remarked 
that the temperature scale is based upon the 
melting-point of gold at 1063° C , and the 
value 14350 for c 2 in Wien’s equation This 
gives the value 1555 for the melting-point 
of palladium, whereas the value obtained by 
Hay and Sosman was 1550° C The differ- 
ence, however, is practically within the limit 
allowed for experimental eri or 


8 IT MM YU Y OF Dta HQ LIMIN' YTION OF MLLTINQ-rOINTS OF TUNGSTEN AND TANTALUM 


Observer 

Date 

Method 

Value, ° C 

A\erage 

Deviation 

from 

Mean, 0 C 



Melting point of Tungsten 



WiudnoL and Btugoss 

1907 

Extrapolation 

3080 

28 

Pnani 

1910 


3250 


Roll 

1907 

Carbon tube furnace 

2650 

33 

Win (t iihcig 

1910 

Appai ent temperature and reflecting power 

2930 

30 


[ 

Vacuum furnace 

2970 

27 

Koinytho 

10114 

Wedge method 

2970 



l 

Appaiont temperature and wedge 

3030 


Langmuir 

1915 

Aie method 

3270 

30 

Woi thing 

1916 

Hollow filament method 

3360 




Melting point of Tantalum 



Waulner and ihirgtss 

1907 

Extrapolation 

2900 



3910 


3000 


Pliant y 

1911 

Appaiont temperature and reflecting power 

2700 


Kornylhc 

191 1 

Wcdgt method 

2800 



^ (25) Ooi our Matoti Mbthob of beter- 
mtn f no Kilim im r P FMi* KiiATUR eh — A method 
of estimating tho tcmpeiatuie of lamp filaments 
whit li lias come into extensive use m recent 
yeais is that based on coloui matching By 
tho coin ui tcmpeiatuie is meant the tempera- 
ture of a full uuliatoi when its xadiation 
matches m colour the ladiation from tho 
incandescent metal Tho relation between 
coloui temperature and tiue tempei Ature for 
tungsten lias been deter mined by Hyde, 
(Jady, and Foisythe, so that it is now possible 
to estimate tho temperature ot tho filament 
of a tungsten lamp by mat! lung its coloui 
against that of a standard whoso tempei ature 
is known 

In piaetice the comparison standard is not 
a u black body” but a combination of a 
vacuum lamp with a filter This lamp is 
run at diffeient voltages to give the desired 
oolom toi matching The lamp filaments to 
be tested aic omnpaied by means of Lummer- 
Brodhun photometer head with the standaid 


Melting point of Tungsten" 3675° Iv 


BrigMmiHfl 

'lempuatim 

True 

Correcteil fur End EIUlIs 
and Bulb Absorptions 

Temperature 





Temperature 

ptr 

Wntfc 

1600 

1701 

1714 

0 78 

1650 

1758 

1775 

1 04 

1700 

1816 

1837 

1 40 

1750 

1874 

1898 

1 81 

1800 

1932 

1960 

2 31 

1850 

1990 

2021 

2 90 

1900 

2049 

2082 

3 56 

1950 

2108 

2144 

4 35 

2000 

2167 

2205 

5 26 

2050 

2227 

2266 

6 30 

2100 

2287 

2327 

7 45 

2150 

2347 

2389 

8 69 


Above table based on the following constants 
Melting-point of gold, 1336° K 
Melting-pomt of palladium, 1828° K 
Chose iesu.lt m Wien’B constant c 2 being eaual to 
.4350 ju. x deg 
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§ (26) Temperature Measurement in 
Terms oe Total Intrinsic Brilliancy —An 
empirical method of estimatmg tempeiatuies 
which is occasionally used m connection w ith 
hght sources, such as mcandescent lamp 
filaments, is one developed by Ra&ch 

He proposed the relationship 

logH=-^ + B 

for co nn ecting the temperature T (abs ) of 
a “ black body ” and its total mtnnsio 
brilliancy H 

It will be observed that this equation is 
merely Wien’s law, m which monochromatic 
hght ls replaced by the total radiation visible 
to the normal eye 

This, of course, is a somewhat questionable 
assumption, but some support is given to it 
by the fact that Crova has shown that, for all 
ordinary hght sources giving a continuous 
spectrum, there is one wave length for which 
the monochromatic intensity is proportional 
to the total intensity This wave-length is 
about 0 58 g 

In older to test Rasch’s equation it is 
necessary to measure the intrinsic brilliancy 
of a “ black body,” i e the candle powei per 
sq mm It is a difficult matter to do this 
with sufficient accuracy on the usual type of 
uniform temperature enclosure form of “ black 
body,” and the following indirect method 
was adopted by Nernst 

Nernst lamp filaments were measured, and 
the relation between the watts expended and 
the candle-pover obtained was observed m 
the usual manner by photometric measure- 
ments 

A filament was then set up m front of a 
“ black body ” furnace, and at a senes of 
steady temperatures the filament was brought 
to a temperature when it disappeared against 
the background, % e emitted the same intensity 
of hght 

From the watts expended m the filament 
the intrinsic brilliancy of the filament, and 
hence that of the furnace, was obtained 

The actual temperatures of the furnace 
were obtained by means of a Wanner pyro 
meter standardised by the melting-point of 
gold (1064° 0 ), and assuming c 2 m Wien’s 
equation to be 14600 

Rasch’s equation was verified within 10° 
over the temperature range from 1400° to 
2300° C , and from the experiments the 
constants of the equation were obtained 
11230 

~"5 367-log 10 K’ 

where K is the intrinsic brilliancy in Hefner 
candles per sq mm 

This equation requires a correction factor 
if employed for taking the temperature of 
surfaces which are not full radiators 


Lor example, tungsten has an eimssiwly 
of about 0 51 for fight of X 0 51> // 

Hence, if II is the intnnsie hiillmut y <>l a 
tungsten filament, and K that <4 a hi h U 
body ** at the samo tine tom|>oin(uin, then 
H = 0 5 IK 
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a perfect black surface and its piactical 
realisation, by means of an enclosure at a 
uniform tempeiature, is due to Kirchhofi 1 
He demonstrated conclusively that the 
radiation issuing from a small hole m a uni- 
formly heated enclosure w ould be £< full 
i addition ” for that temperature, such as 
would be emitted by an ideal black body 
The simpkcity of the law and the fact that 
most industrial furnaces, etc , are fair approxi- 
mations to uniform temperature enclosures 
have been factors of immense seivice m the 
development of high-temperature pyrometry 
The formal statement of the Stefan Boltz- 
mann law is s = <r(0 4 - 0 O 4 )> 

where S is the energy per sq cm per sec , 

cr a numerical constant the experimental 
value of which is 1 36 x 10 -12 gin cals 
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^ (1) Titm “ Fourth-power” Law of Radia- 
tion - —At temper atm cs exceeding 1300° 0 the 
pi at tic al difficulties encountered m the use of 
thermoelements, iesistanc ‘0 thermometers, and 
gas the) mometoi s are very considerable, eyen 
uiu lci the favouiablo conditions prevailing m 
th o laboratory, Dor industrial work the 
difl ir ul tics two vastly gieatei and other methods 
have to bo resorted to, such as those based on 
the laws ot ladiation With pyrometers of 
tlm nidiitioii typo it is not necessary to | 
Hubjeet any poitron of ibo instrument to the 
temperature of the furnace, and there is no 
upper limit to the temperature which can he 
measured 

§ (2) The Htefan Boltzmann Law— the 
ciuliest suggestion of a simple relation con- 
necting the radiation fiom a surface and its 
temperature was that of Htofrn in 1879, who 
obtained empirically the leiationship between 
total radiation and tempeiature now generally 
known as fcho “ four th pow or law ” 

In 1884 Bolt/mami gave a theoretical pioot 
of the fourth-power law based on thermo- 
dynamic principles and Maxwell s electro- 
muKueUc thorny ot light Ho pointed out that 
the law was only valid for an ideal black 


The radiation omitted by such a body would 
possess a ehoiaotoi independent of the pro- 
perties ol any particular substance and would 
1)0 identical with tho radiation within a um- 
Xoimly heated enclosure This conception ot 


per sec per cm 

6 the absolute tempeiatme of the surface, 

6 0 the absolute temperature of the sur- 
loundmgs leceivuig the radiation 
It will be observed that as a method of 
defining absolute temperature the law is inde- 
pendent of the specific properties of any 
particular substance , the ideal black body 
m this respect playing the same idle as that 
of a perfect gas m the definition of the gas 
scale 

A comparison at one temperature above 
zero with the gas scale would suffice to deter- 
mine cr and hence connect the two scales 

Since, however, Boltzmann’s demonstration 
involves an imaginary thermodynamic cycle 
with radiation as working fluid, it is necessary 
to confirm the theoretical deduction by experi- 
mental observations over an extended tem- 
perature range Shortly after its formulation 
the law was submitted to test by various 
investigators , the most comprehensive senes 
of expenra.en.ts were earned out by Lummer 
and Pnngsheim, who mvestigated the radiation 
from a “ black body ” enclosure over the tem- 
perature lange 100° to 1300° C 

§ (3) Lummer and Pringsheim’s Experi- 
ments — Dor the measurement of the radia- 
tion the authors employed a modified form of 
Langley bolometer— an instrument depending 
on the change of electrical resistance of 
platinum with temperatuie Details of the 
instrument are given later 

(i ) The Apparatus —The general disposition 
of the apparatus is shown in Fig 1 

A was a hollow vessel contaimng boiling 
water This source of radiation was used as 
a standard of reference for calibrating the 
bolometer from time to time, since only y 
this means could the variations produced by 


1 Kirchhoff defines a “ black body ” as one which 
has the property of allowing all incident rax s to 
enter without surface reflection and not allowng 
them to leave again See / 4 Theory of Heat Radia- 
tion” (Planck , trans bv Masius) 
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changes in the battery current and galvano 
meter sensibility be eliminated 

The radiation could be cut oil from the 
bolometer by means of a water-cooled shutter 
The “ black body ” C was employed for the 
range of temperature from 200° to 600° C 
It consisted of a hollow sphere of copper 
f . blackened inside with 

j yf xif platinum black and 

A hx contained in a bath 

I rn l of well stirred molten 


Pia 1 — Dngiam of Appai itus for / 

j the Range 200° to 000° C 

\ vessel with boiling watei , B, holomcttr, 
molten hilt bath uound the hollow sphere (black 
body enclosure) 



gads is shown in Fig 3 Gads 1 and 3 aic m 
the opposite aims of the badge, and tho 
strips of 3 aie set to iccuvo tho radiation 
passing through the gaps of 1 The other tv o 
gads, 2 and 4, ate similarly disposed, hut 
shielded from radiation by a box 

To prevent wandering of the galvanometer 
7 cio, the disposition must 
3 1 be as symmetacal as 

n possible, and the whole 

1 j mstiumont one lowed in a 

I L well lagged box provided 

|| with diaphragms to cut 

i i I JjpDj down the radiation falling 

— I — LyJ |m | . A on the absorbing smface 

: _ i J" to a paiallol beam of about 

/ \ If) mm m cliamoter 

q IS or 1 L The grids aio of foil from 

bolometer, one to two thousandths of 

v sphere (black a millimetio thick and with 

a resistance of about 00 
ohms e ich 


salt This salt hath could he maintained at 
any desired temperature by regulating the 
flame The temperature was measured by 
means of a high range mercury thermometeL 
and a thermoelement 

The procedure m carrying out the ohseiva 
tions was as follows 

The bath was heated up to the desired 
temperature and maintained steady , then 
the watei cooled shutter was laised to allow 
'radiation to fall on the receiving face of the 
bolometei When the galvanomoter deflection 
had attained its maximum value the shutter 
was lowered and galvanometer zero icdeter- 
mincd , if it cliff eied slightly from tho previous 
value the mean was taken 

For higher temperatures, fjom 000° to 1300° 
C, tho construction of the “black body” is 
shown m Fig 2 D was an iron cylinder 
(coated inside with platinum black) enclosed 
in a clonble-walled gas muffle Tho tempera- 



Fia 2 — Diaffiam showing Constnution of 

“ Biatk Body,” for the JUng(‘ 600U U to 1300° C 

T), iron cylinder, "black body” onclosuro , T, 
por< clam tube carrying thoi mode meat , II, bolometer 

iuie of the interior of the iron cylmclei 
was obtained bv a thermoelement enclosed 
in a porcelain tube T passing through the 
•furnace 

(u ) The Bolometer — Essentially this is a 
Wheatstone’s budge, the four arms of which 
consist oi guds of thm platinum foil similar m 
all respects The method of connecting up the 


Theoretically the quantity of ladiation 
received per unit tune, for a given difference 
of tempeiature by unit aioa, at a distance ? 
fj om a point 
souice, vanes 
inversely as ? 2 
Rummer and 
Prmgsheim ascer- 
tained that then 
expei mien tal ai- 
langoments com- 
plied with this 
theoretical con- 
dition, bv taking 
observations at 
varymg distances 
between the 
“ black body ” 
and bolometoi 
It was found that tho galvanometer deflections 
varied inversely as the square ol tho distance 
Since tho quantity of radiation io< oivod 
varied as the difference ol tho fourth powers 
of tho absolute temperatures of the radiator 
and receive!, it was necessary to vniy the 
sensitivity of the bolometer in mdei to keep 
the galvanometer deflections withm measur- 
able limits Two means of eflortmg this were 
employed (1) variation of the sensitivity of 
the Wheatstone budgo by changing the battery 
current (2) alteration ol the distance between 
the “ black body” and tho bolometei 

(m) The Obhervafnons — The observations 
wore all reduced to a common unit (arbitrary), 
basod on the radiation from tlu* “ black body ” 
at 100° G at a standard distance ot (>33 mm 
If d was tho deviation of tho needle foi 
“black body” at absolute tompciatuie 0, and 
h a constant, the mean value oi which fox then 
instrument "was 123 8 x K)~ 10 , then 
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where 290° wag tlio absolute tempeiatme of 
the water cooled shutter (i e 17° C ) 

In Table I the experimental observations arc 
compared with values calculated from the 
fourth power law The calculated temper atuies 
aie obtained by taking the mean value of l 


Between 100° C and 1000° C the deviations 
of the calculated from the observed tempera- 
lutes are small, of the order of 3°, and exhibit 
no systematic variation Between 1000° O 
and 1300° C the disci epancies aie greatei, and 
the observed values aie systematically laigei 
than the calculated It should bo icmcmboi cd, 
however, that then temper at uic scalo is based 
on the gas thermometer work of Ilolbom and 
Day, and this extended to 1150° 0 only 
Beyond this pomt the values aie based on 
extrapolation of the E M F tempeiatuic ruives 
of thei moGouples, a procedure which has since 


law to 1150° 0 to the same older of aocuiacy 
as the gas bcale was known at that time 
§ (4) Fourth- cow* u Law bltwlln J()b3° C 
a.nd 1549° C — In an mvobt’gation, whose 
pi unary object was the comparison of the 
“ optical scale,” based on Wien’s distribution 
law, and the “ total radia- 
tion ” scale, based on the 
fourth power law, Men- 
denhall and Forsythe 
cheeked the Stefan Boltz- 
mann law at the two tem- 
peratures 1063° C and 
1549° C These tempora- 
ls us are the melting- 
points of gold and 
palladium icspectively as 
determined by Day and 
ftosman 

The comparison was 
c fleeted m an mduect 
manner The melting- 
points oi geld ancl pal- 
ladium weic observed m 
teims of the scalo of a 
certain optical pyrometer 
undoi “ black body ” con- 
ditions The tempeiatme 
of a carbon tube furnace 
could then bo maintained at those two tem- 
peiatuics by observations with the optical 
pyrometer, winch moiely served as a transfer 
instrument The apparatus lor vei dying the 
fourth power law is shown m Fig 4 

The “ black body ” is the graphite tube T, 
30 cm long, 14 mm mside claim , and 3 mm 
wall thickness A giaplnte diapluagm Q is 
placed 1 cm from tho centre, tho left hand 
segment being used as “ black body ” Tho 
coaxial tubes H and K are meiely to reduce 
the beat loss by radiation, etc 
Tho apparatus was water cooled , the total 


Tablt I 


Temperate] c 
( u abs C ) 
of black Body 

Poller tion 
(Itochu cd) 

l A 10 10 

0 c Ale 

^obs — ^calc 

373 1 

153 

127 

374 6 

- 1 5 

492 5 

638 

124 

492 0 

4-0 5 

723 

3,320 

124 8 

721 3 

- I 1 

745 

3,810 

126 6 

749 I 

- 4 1 

*789 

4,440 

(116 7) 

778 0 

| 1J 0 

810 

5,150 

121 6 

806 r > 

H 3 5 

808 

6,910 

123 3 

867 1 

I 0 9 

*1092 

16,400 

(115 9) 

1074 

H 18 

* 1112 

17,700 

(116 3) 

1095 

4 17 

1378 

44,700 

124 2 

1379 

- 1 

1470 

57,400 

123 1 

1468 

-1- 2 

1497 

00,000 

120 9 

1488 

4 9 

1535 

67,800 

122 3 

1531 

-l- 4 


* These experiments w r cri earned out with the gas furnace at temper atm cs 
oven lapping those obtained with the silt b«ith The laigc disenpanues aie 
clue to luk oi uniformity of tunperitims with a Hmall ll.imc it will bo 
sun that the observation at 789 C is eliminated by observations i, 6, and 7 
with the nitrate b ith 



been shown to lead to erroneous results Up 
to 1100° 0 it is probable that the temperature 
scale of Day and Ilolbom is reliablo to about 3° 
Consequently Lummei and Prmgshoim’s experi- 
ments establish the validity of the fourth -power 


radiation thermopile ? being protected fiom 
stray radiation by watoi -cooled diaphragms, 
while a movable water-coolod shutter Q con- 
tained tho limiting aperture The geometry 
of tho apparatus was so arranged that radia- 
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txon from the graphite diaphragm G alone 
entered the thermopile A motor M, movable 
by means of a rod V, carried a sector 8 of 
definite aperture on its shaft By a move- 
ment of the rod the motor could be swung 
up and the rotating sector placed m fiont 
of the thermopile so that the radiation from 
the furnace was reduced m a known ratio, 
depending on the clear aperture of the sectoi 
The thermopile consisted of a single Bi-Sb 
and Sb-Cd alloys couple, the “ hot ” junction 
being soldered to a very light receiving disc 
of silvei foil 3 mm m diameter, a similar 
disc being attached to each cold junction, 
where the alloys joined copper leads The 
silver disc “ hot ” junction was blackened with 
acetylene smoke and mounted at the centie of a 
hemispherical concave minor, so as to make the 
absorption as perfect as possible The thermo- 
couple was dnectly connected with a low- resist- 
ance galvanometer, a resistance box being 
connected m senes to control the sensibility 
Special attention was given to the elimination 
of any possible cnoi due to absorption of radia- 
tion by the gases inside the furnace With a 
hot object, such as giaphite, it is impossible to 
obtain a perfect vacuum and fluctuations of 
pressure would have had a serious influence 
on the sensibility of the thermopile 

Dining the observations a steidy pressure 
(from 5 to 15 mm of morcuiv) was main- 
tained m the apparatus by conti oiling a valve 
governing tlio nitrogen supply , the piossuio / 
could ho maintained constant within 0 2 mm 
by careful regulation , a Fluess and Gaedo 
pump steadily exhausting at the other end 
To ascertain whether the residual gas oxorted 
appreciable absorption on the radiation, 
samples weie drawn oft fiom time to time to 
a side tube and the deflections of an auxiliary 
thermopile read with and without the gas, 
employing a Nemst filament as ladiator , the 
authors claim that they could detect such 
effect if it amounted to { \ T per cent 

§ (5) Theory of the Sectored Disc —-The 
object of a sectored disc is to cut down the 
radiation by a definite fraction so that the 
same galvanometer deflection is obtained for 
two ddieient temperatures of the radiator or 
“ black body ” 

Suppose the deflection x is obtained when 
radiation from an object at absolute tempera 
lure T i is received through a clear aperture 
sector, and the same deflection obtained for 
temperature T 2 with a rotating sector having 
transmission ratio R (where R< 1) Then, if 
A denote the area of the disc, 


for the fust condition, 
and x — ARAT 2 4 for the second condition 


T X *=RT,* or T 2 =3- 


Hence 

In practice it was found impossible to bring 


the two deflections to absolutely the same 
value, consequently it was assumed that the 
deflections weie proportional to the total 
energy m the two cases 
The apertuie m the sector was out m the 
latio [1330/1822] 4 , where 1336 is the melting- 
point of gold and 1822 the melting point ol 
palladium, m absolute tempciatuies 
Consequently, the ratio of the galvanometer 
deflections at these two temper atuies, if the 
fouith-powei law was obeyed, should bo unity 
Rrom twelve compansnns the obsci ved mean 
value was 1 001 The maximum value of the 
latio found was 1 007 and the minimum 0 c ) c )8 
Afew typical obsei vations ai o shown m Tabic II 


Turn, TI 


Deflection 

Bcfle< turn al 

Halio 

at 1003 “ (i 

19 19" C , with 

Se< toted Vpittmo 

Column 2 

to Column 1 

29 28 

29 33 

1 002 

29 08 

29 17 

1 003 

29 D 

29 3 1 

1 000 

28 29 

28 27 

0 999 

28 27 

28 29 

0 999 


Mean 

1 001 


This indicates an agreement well within the 
possible limits of experimental enoi of M) 5 
per cent at each of the two temper atui os 
All the experimental evidence available 
supports the conclusion that the Htcfan- 
Boltzmann law is valid over the entire tem- 
perature range covered by the gas Ihetino- 
metoi It may therefore be employed with 
confidence, m view of its plausible theoretical 
foundation, as the basis of methods for the 
evaluation of high temperatures 

I Total Radiation Pvuomei'mis 
Pyrometers based on the f an th -power kuv 
for the measurement of high temper aluios arc 
merely thermopiles so arranged that tho mslru- 
ments are (1) direct reading, (2) robust, (3) 
quick m action, and (4) designed to render tho 
readings independent of tho distance between 
pyiometei and hot body, within certain limits 
§ (6) Fury’s Telescope Pyrometer — Fdiy 
appears to havo been tho first to evolve a 
piactical foim of jiyromcter baser 1 on the 
Stefan-Boltzmann law, and capable of mensui- 
mg tempoiatures betwoon 500° 0 and 1500° ( 1 
In the early types the instrument consisted 
of a telescope having a minute thennooouplo 
connected to a sensitive portable galvanometer 
The hot junction and the source of radiation 
were brought to tho conjugate foci of tho Ions 
by focussing m tho usual manner 
The difficulty with this type was tho lens, 
which had to bo transparent fox both tho 
visible and tho infra-red 
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Fluouto was found satisfactory for tempera 
tures above 900° C , since it possesses a neany 
constant coefficient of absorption tluoughout 
the spectrum The indications of the mstiu 
ment, however, did not follow the fouith powei 
law owing to the fact that fluonte lias an 
absoiption m the mf la-recl at about 
6 /x, and is not tianspaient foi wave- 
lengths gieater than 10 /x 
Foi mclustnal work 


diaphragm immediately m front of the 
couple Then, unless the image of a stiaight 
line viewed tlnough E is exactly m the same 
plane as the two inclined mirrors, it will 
appear broken at the plane of intersection 
of these mirrors Fig 6 illustrates the paths 


O 


Out of focus 


— 


e 

In focus 


fluonte was too costly, 
so glass was employed 
and the instrument 
calibrated empirically 
over the w Diking range 
The ordinary varieties 
of glass aic opaque foi 
wave - lengths gi eater 
than 2 p 

§ (7) FIry’s Mirror 
P \ ROM’ETKR — These 
difficulties were 
avoided by the use of 
a concave mirror to 
collect the radiation 

Fig 5 repiesents a modern type 
of instrument The mmoi 0 is 
capable of being racked backwards 
and forwards to focus the radiation on 
thermocouple xeceiver at N, in front of winch 
is a limiting diaphragm The cold junctions 
of the couple are shielded from radiation by 
a tongue and a bo\ M sui rounding both the 


A- 



the 



couple and the inclined mnrors immediately 
m fiont of the thermocouple receiver 
To enable the observer to focus the radia- 
tion accurately on to the hot junction, F6iy 
employs an ingenious device Two semi- 
circular mirrors, inclined to one another at an 
angle of 5° to 10°, are mounted m the thermo- 
couple box, an opening of about 1 5 mm at 
the centro of the mnrors foimmg the limiting 


Out of focus image shown on exaggerated scale 
Fig 6 

of the rays producing the distorted images 
The obsei\ei moves the concave minor 
until the relative displacement of the two 
hah es of the image disappeais , an operation 
within the capacity of a workman 

In the earlier forms of this instalment the 
concave mirioi 0 was of glass silvered on the 
back Since glass is a very good reflector 
of the mfra-ied, the heat lays weie reflected 
in part fiom the fiont an -glass surface and 
m part fiom the back glass-silver surface 
The two groups of rays weie bi ought to 
the same focal point by making the radii of 
euivatuio of the two surfaces slightly different 
If, however, the thickness of the glass is small, 
1 to 2 mm , the same ladius of curvature 
can be used for tho two sui faces without 
appreciable enor 

Later instruments have a glass mmoi with 
a gold deposit on the front surface, others 
gold or nickel on copper 

(l ) Independence of Distance — So long as 
the hot object formed by the concave mirror 
is suflioiently laige to overlap the limiting 
diaphragm immediately m fiont of tho 
sensitive thermoelement, then it is the in- 
tensity of the heat imago and not the total 
heat loflectccl that is measured by the instru- 
ment Now it can he easily shown that 
theoretically at least this intensity is in- 
dependent of the distance from the hot object. 
If, foi example, the distance between 
instillment and the hot object 
then the total amount of 
the concavo mirror is l educed 
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but the area which the image coveis is 
simultaneously reduced to one-fouith, so 
that the actual heat intensity of the image 
remains constant 

(n ) Relation between Si„e of Object and the 
Distance for the Fery Type of Pyrometei — It 
is a simple matter to calculate the minimum 
size of object required by the geometry of 
the Fery optical system 
The relation between the size of object 
and image formed by a concave mirror is 
0=I(a//-l), where 0 is the diameter of the 
object, T that of the image, u the distance from 
the object to the mirror, / the focal length 
For the ordinary type of Feiy pyrometer 
the apeituie m the diaphragm m fiont of the 
receiving disc is about 1 5 mm diametei, / 
the focal length about 7 6 cm 

The table below, due to Burgess and Foote, 
gives the size of source for various distances, 
assuming the above data 


Table III 


u (Cm ) 



Diametei Source (Cm ) 

70 

12 

80 

14 

100 

1 8 

150 

3 1 

200 

42 

300 

63 

500 

10 7 


§ (8) Fery “ Spiral ” Pyrometer — The 
construction of this instrument resembles that 
of the thermoelectric type, except that the 
couple is replaced by a bimetallic spang 
spiral (Fig 7) carrying an aluminium pointer 



differential expansion and uncoiling of the 
spring when radiation is concentrated upon it 
cJel- some of the instruments the sprmg is 
Hire, the thermal expansion coefficient 
Hence «rmediate metal being itself mter- 
~ ' f of the two o uter metals Thus, 
In practice it Wn C l invar have been employed 


The spiral is similai to that used in the melnllu 
thermometer of Buguet A stup 0 02 mm 
thick and 2 mm wide is i mitt I by mm nil 
turns into a spiral 2 mm m duimoti i The 
centre of the sjiual is connected by a shank to 
a small disc, and on this disc is usually mounted 
the pomtei (In Fig 7 a slightly (lillcieiit 
mounting is shown The shank is lived and 
the pomtei is mounted at the other end of 
the spnal ) Usually a minor is plated 
behind the spnal so that the radiation wluth 
passes through and between the turns ol the 
spnal is i effected back upon it 

It is of mtoiest to consider the method ol 
spacing of the temper atiuo stale engraved 
on the instrument Suppose that the seale 
is Inst spaced linearly m m terms ol angulai 
deflection ol the pomtei 

Let d ~ angulai doflec tn >n, 

T 0 = absolute temperature of spnal, 

T= absolute temperature of (lunaeo, 

E = onoi gy falling upon spiral 

The angular deflection of the pointer is 
approximately proportional to the temperature 
of the spiral, the temperature ol the spiral 
is approximately proportional to Liu* energy 
absorbed by it, tins energy is approximately 
propoitional to the fourth power of tin 
absolute temperature of tiro funuuo, oi 
c/ccT 0 ocEc* T* 

Hence d~ const T l 

Hence, dotonmnmg the deflection tone- 
spending to any one furnace tempoiatuie Iixts 
the constant in the a bovo relation and permits 
the computation of the temperature tone 
spending to all other deflections 

Actually, the pyrometer does not exactly 
follow the fourth-power taw fail rather the 
relation 

where b is an ompinoal constant slightly 
difloiont from 4 If a calibration rs made 
at a number ol different temperatures, ( hot 
exponent b may be deter mined horn the slope 
of the last stiaight line tliawn through the 
obsoivaitons, plotting log d against log T r Pli<* 
spiral pyiomotor has an especial advantage 
in bomg Bolf-eontamod, inquiring no acoessoneH 
such as lead wiios, galvanometer, cto , but its 
accuracy is not equal to that of the thermo- 
electric instruments The lendings depend 
somewhat upon the positron in winch the 
pyrometei is hold and upon the previous 
condition of the instrument For example, 
tilting the case to the light oi lelt alters the 
reading, and slightly different loadings may Ini 
expected when (1) the pyiomotor has boon 
sighted upon a source at a higher lompoiatme 
immediately before taking a certain reading, 
and (2) when the initial source sighted upon 
was at a lower tompoiaturo. 
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(9) ExTFNblON OF THE TFMPFRAaURE 
RANGE BY THE UbE 01 DIAPHRAGMS — Fuy 
mstiimicnts ,ue often piovided with a second 
scale extending ovei a highci i an go ot tern 
pei atm o This is ejected by the addition of 
a sectoi diaphiagm ovei the fiont of the 
pyiometci, which cuts down the ladiation by 
a d< '.finite fiaction Whilst theoietically the 
“law” of the instillment should beunnlfectcd 
by the addition of the diapluagm, it is genci ally 
found that the index is not exactly the same 
with and without the diaphragm The change 
is jnobahly duo to secondaiy radiation from 
the heated diaphragm, and also to change in 
the distribution of the an cm rents within the 
ease, caused by the picscnce of the diaphragm 
The oxti apolation of the scale tempeiature is 
in practice effected by assuming the validity 
of the “ law ” of the instrument as determined 
by the experiments ovei the tango of tempeia- 
tuie measuiahlo with theimoclemonts 

§ (10) The Poster Fixed focus Pyro 
meter — The construction of this pyiometoi 
will be undei stood fiom Fiq 8 

The leccivmg disc on the couple and the 
fiont diaphragm of the pyiometci aio located 


at the conjugate foci of the minor Then, 
so long as the cone AOB is filled by the 
radiation from the hot object, the leadings aio 
independent of the distance The position 
of the point 0 is marked by the wmg nut on 
the telescope tube The angle is made such 
that the diameter of the source sighted upon 
must bo at least one tenth (01 m some in 
stiuments 0110 -eighth) the distance fiom the 
souiee to the wmg nut 

§ (11) Tuwinu Radiation Pyrometer — 
The Tliwing pyrometer (Fiq 9) is somewhat 



Anangement of thermoelement 
and cone 

KlQ 0 


smulai to the Fostci, but has a cone instead 
of a concave minor The receiving disc of 
the couple is situated at the apex Radiation 
fiom the furnace cnteis the diaphiagm and 
falls upon the hollow conical mirror Tho 
hot junction of a minute thermocouple is 
located at tho apex of tho cone, and the cold 
junctions are outside By multiple reflec- 


tion along tho sides of the conical minoi 
the ladiation is finally concentrated upon the 
hot junction of ilic couple The Thwmg 
mstimnent is so consti acted that the souiee 
must have a diametci at least one eighth of 
tho distance from the souiee to the leccivmg 
tube , thus, at 8 feet (2 4 m ) fiom a f umaco 
tho souiee must he 1 foot (0 3 m ) m diametoi 
For permanent installations, the tubo is 
ventilated and has scvoial extia diapluagms 
to prevent the local heating of the msti unient 
ind stiay ladiation leaching the couple 
§ (1 2) Whipple Closed Tube Pxrometer — 
Wlujipie lias introduced a modification of the 
Fciy pyrometer In this type a closed tube 
of salamancloi oi hi eel ay is insetted into tho 
furnace oi molten metal, and the ladiation 
hom the hot end focussed on a minute 
thoi mocouplo tho mstimnent bomg of the 
fixed focus type 

Foi taking tomporatmes of molten metals, 
tho ladiation from which depaits considerably 
fiom full ladiation, and foi furnaces with a 
smoky aimosphcie, tins foim of pyrometer 
has proved to bo of service Tho diawback 
of this typo foi voiy high temperatuie work 
is the impossibility of 
obtaining an impel me- 
ablo tube, and should 
oil, vapoui, or fumes 
pass into the interior it 
would seriously vitiate 
the le, suits 

(PI) Use of a Pv,adta 

TION PYROMETER WITH A SOURCE OF XeSUI- 

1-icient Rr/E — It is sometimes necessary to 
use a radiation pyrometer at such a distance 
from a small souiee that tho npertuie of the 
instrument is not completely Idled 
Thus, with the K6iy pyiometoi, tho imago 
oE tho souiee tunned at the loeemi may bo 
smaller than the limiting diaphiagm immedi- 
ately bofoie tho eouplo Tho most satisfactory 
method of using tho radiation pyrometer 
under such conditions is to construct a new 
limiting diaphiagm of tho piopoi size and 
localibiato the pyimneter, sighting upon a 
black body Another method winch may bo 
employed with small sow cos is to compute 1 
tho actual size ol tho imago found at tho 
iceoivci and coned the observed deflection, 
making use of tho assumption that tho 
galvanometer dofloclion is propoitional lo tiro 
area of tho imago as long as tho image is 
smaller than the limiting diaphragm Thus, 
if tho area oi tho opening to the jecoiver of 
the F6ry pyiomotor were I mm a , and the area 



whcie 0 is the (Hamel oi of the somce, 

I is the diameter of the image, 
j is the fond length of the concave minor, 
u is tho distance from soiuco to mnror 


Mm or 



FIG 8 


Conneotion to Indicator 
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of the image of the source formed by the gold 
muroi were 0 5 mm 2 , the conect temperature 
would he given by the value coi responding 
to a deflection twice that of the actually 
observed deflection Errors due to aberrations 
of the gold mirroi will affect the measurements 
to some extent 

As a rough check upon this method of 
using a Fery pyrometer Burgess and Foote 
made the follow mg measurements The area 
of image required by the pyrometer was 
1 77 mm The source remained at approxi- 
mately a constant temperature 1260° C , and 
its size was altered by means of watei -cooled 
diaphragms 


surroundings is of the oulti ol 80" this hi< hu 
has an appreciable influence 

(6) The thermocouple and in< lined minors 
are enclosed in a small cell Mil ay idled ions 
from the walls falling on the iccoivmg (list 
produce distui ham es 

(c) The late of heat loss from the junction is 
not stnotly piopoikonal to its temperature 
excess 

(d) Conduction of heat along Hie couple 
wires pioeluecs a slight tompoMtuio use m the 
cold junction 

(c) In addition there aie vunoim minis to 
which the milhvoltmetei icaelmgs are Ira lib 

Occasionally one (intis that an msiimmnl 


Area 
of Image 

Observe d 

E MB’ 

Aioa ot Receiver 
Area of lunge 

Ohm rved 

E M E Ratio 
of Ahmh 

Mm 2 

0 302 

Millivolts 

1 04 

5 86 

6 09 

0 695 

2 33 

2 55 

5 91 

0 807 

2 78 

2 19 

6 00 

1564 

4 32 

1 13 

4 88 

1 77 

5 64 

100 

5 0d 




Moan 


The above-computed temperatuies have a 
wide range, but wrthout doubt, if suflicient 
care were taken, the accuracy could be 
increased, possibly to ± 20° C This method 
wdl not give as satisfactory results as may be 
obtained by leplacmg the limiting diaphragm 
with one of smallei opening and then recali- 
brating the instrument 
§ (14) Sources of Error m Practical 
Forms of Radiation Pyrometers —Since the 
ideal radiation pyrometer would give galvano 
meter deflections proportional to the intensity 
ot the radiation emitted by the hot object, 
and hence the difference m the fourth powers 
of the absolute temperatures, a calibration 
at one temperature would be sufficient to 
supply all the data necessary for the computa- 
tion of the temperature scale When T is 
large compared with T 0 , the deflections should 
be proportional to T 4 (T 0 4 being negligible) 

It is generally found, however, that tho 
index is not 4, hut vanes between the limits 
3 8 to 4 2 for various instruments 
In any particular case the value of the 
index may be obtained by plotting the 
logarithms of the deflections and temperatures 
The experimental points will m general he 
found to lie on a straight line 
Many factors contribute to produce varia- 
tions in the value of the index from 4 

(a) The electromotive force generated by 
the thermocouple is not strictly proportional 
to the temperature difference between the 
hot and cold junctions When the rise m 
temperature of the receiving disc above the 


will follow tho femith pc»\m law with consulci- 
able exactitude This ih to ho ascubed to 
the fact that the small icsiduul (‘fleets 
accidentally noutialiHC with other 1 ** influence* 
lathoi than to them otic ul poifeclnm of design 

The othoi charm toi Mich of pnulual types 
of radiation pyiomotoiH which icquiio study 
m tho case oi each individual instrument 
are 

(i) Abmice of “Amy”- Ho that the Imal 
leading is quickly attained While thometu- 
ally an minute time m required to icnch the 
equilibrium state (? (\ when tho loeeivmg disc 
emits as much heat as it icecuvcs!, most 
practical tyjwH icach the steady state m a 
minute oi so The lime intei val mjutiod 
depends, of coiuse, on the individual pyi ti- 
molol 

Occasionally a maximum leading will ho 
quickly leaehod and then it begins to dot mine, 
tho final value only being leached aflei 
fifteen to twenty minutes* This ivmmmtmiH 
behaviour is generally due to conduit mu 
along the wues of the couple and lo secondary 
radiation hom the sides of the cell and the 
diaphragms 

Such an instalment must be calibrated undo) 
the same conditions as it is to be used u 
practice, 

(u ) fiffeU of Size of Image ~ It is ncecssam 
to ascertain how far the indications me hi 
dependent of tho distance from tho source t 
pyrometer and independent of tho mm of th 
souioe when this is above the minimum hi/ 
required by the geometry of tho xnstuimon 
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The dependence of the indications on the size 
of the image is probably the most serious 
source of onor inherent to practical types of 
radiation pyrometers, and can only be over- 
come by careful construction and arrangement 
of the mechanical parts of the instrument 
Buigess and Poole studied the effect of vana 
tion in the size of the hot object and the 
focussing distance on commercial types of total 
ladiation pyrometers 

In the geometrical theory of the Foxy 
pyrometer it is assumed that the source is of 
a size sufficient for its image to c over the 
thermocouple receiver or the limiting dia 
phiagm immediately m front ot the receiver 
Usually this limiting diaphragm is the hole m 
the focussing murois m front of the thermo- 
couple As long as this opening is coveied 
by the image of the source, one might expect 
that the reading of the pyrometer would bo 
independent of distance or size of source Their 
experiments, howevoi, show that, m general, 
the reading of the pyrometer deci eases with 
increasing focussing distance and with decreas- 
ing size of source, even though the image of 
the source always covcis the receiver, some 
instruments show this effect much more 
markedly than others It is even possible to 
obtain a positive reading, as shown by Kanolt, 
when the pyrometer is sighted on a hole in 
a heated surface, although the image of the 
hole covers the opening to the thermocouple 
receiver The cause of this effect is best 
del ei mined from a consideration of the size of 
the imago of the source 

Errors which are surprisingly big m magni- 
tude, and which completely outclass those 
resulting iiora other causes, may arise in the 
variation of the si/e of the imago produced by 
the pyrometer The sizo of the imago may 
be altered by (a) varying the focussing distance, 
the bi/g of the source icmammg constant, and 
(b) by varying the size of the souice, the 
touiRSing distance remaining constant 

In the study of these effects they employed 
a laige nickel stnp as the radiator, m fiont ol 
which, at a distance of 1 or 2 cm , was placed 
diaphragms of vauous openings By watei 
cooling, the temporatuie ol the diaphragms 
was maintained at about that of the room, so 
that there was no effect of laclratnm from 
them, and tho thoroughly blackened surface 
of the diaphragms absorbed practically all the 
heat falling upon it, hence the radiation loss 
from the surface of the heated strip behind 
tho diaphiagm was the same as that from the 
exposed surface of the strip Consequently 
there was no variation m either the apparent 
or true temperature of the strip when tho size 
of the diaphragm opening was changed Ex- 
cept foi very close distances from the pyrometer 
to the stnp, the diaphragm openings acted as 
the real source of the radiation In this 


mannei five a izes of the radiating souice were 
obtained, cueulai aieas having diameters ot 
1 95, 3 5, 5 6, 8 5, and 1 2 cm 

The pyrometer was mounted upon a caniago 
which rolled on parallel tracks similar to an 
ordinary photometei bench The stnp and 
water cooled diaphragms weio pioperly ad- 
justed at one end of tho bench, and the 
apparatus aligned so that the image of tho 
diaphiagm opening employed was always 
conti cd upon tho pyiometu icceivei for all 
focussing distances (usually 80 to 300 cm ) 
Curve A, Fiq 10, lepicsenls tho variation m 
E M F , with the diameter of the imago of a 
uniform temporatuie source for a Fery pyio- 
metoi which showed the effect of these enois 
m a maiked degree 

This particular pyrometer had focussing 
minors of tlun glass silveied on the back 



Fig- 10 


surface, tho opening m those lmnois, which 
formed tho limiting diaphragm, was 1 5 mm 
m diameter A 0 (> cm diaphragm was located 
immediately m front of the focussing nurrois, 
and the inside diametox of Hie thermocouple 
box was 1 1 cm In the pi esent case tho diameter 
of tho image was \aned from 0 05 to 0 0 cm 
bv employing souices of diameicis 2 to II cm 
at focal distances of 70 to 250 cm In tho 
section ab of tho curve the image was not 
large enough to covei the 0 15 opening m tho 
focussing mn xoi b For this range the E M F 
is approximately proportional to the area of 
tho imago or to the (diameter) 2 , so that AB 
is a parabola II the focussing nmrois formed 
a poi feet diaphragm, completely shutting out 
all ladiation except that passing through tho 
opening, the point b would represent a maxi 
mum reading, and the curvo would continue 
horizontally along tho lme be Actually the 
32 M F mei oases up to the point e t where the 
image has a diameter of about 1 1 cm , the 
msido diameter of tho thermocouple box, 




672 


PYROMETRY, TOTAL RADIATION 


although for all points from b to e the size of 
the image was sufficient to covei the receiver 
The laige mciease along be is due to the 
heating of the silveied glass focussing mmois, 
and the amount of this heating increases with 
the size oi image, until the image completely 
fills the inside of the theimocouple box Tins 
heat is communicated to the thermocouple by 
ladiation and by convection currents set up 
within the receiver The errors m measure- 
ment resulting fiom variations m size of image 
aie readily apparent Foi example, suppose 
the instrument weie calibrated by sighting at 
150 cm distance upon a black body having 
an opening of 3 cm , and v/ere used foi the 
measurement of the temprrature of a souice 
11 cm m diameter at a distance of 100 cm 
In the fiist case the image diameter is about 
0 15 cm and m the lattoi 0 9 cm , correspond- 
ing on the cuive to the points b and e respect 
ively The E M F at e is 227 per cent of 
that of 6, so that as used the mstiument would 
indicate EMF’s m cnoi by 127 pci cent 
Suppose this mstiumenb obeys the law E = aT 4 , 
then by differentiation 

SE 5T 

E ~ x’ 

which states that the fractional enoi in the 
absolute temperatiue is one foiuth the frac- 
tional ei roi in EM F Hence an enor of 
127 per cent m E M E is equivalent to an ! 
eiror ‘32 per cent m the absolute temperature 
Thus, foi a source of 11 cm diametei, 100 cm 1 
distance, and at a tomperatiue of 1500° C , 1 
tins pyioineter w r ould read about 2070° 0 , or I 
a temperature too high by 570° C 

The example cited is an extreme case, and I 
the variation of E M E with diameter of the J 
image was grcatei for this instrument than 
for any other examined by Burgess and Foote | 
Actually, a pyrometer would not ho calibrated j 
with the minimum sized image required by 
the optics of the mstiument It is rather 
difficult to centro such an image, so that 
usually the imago is made large enough to 
oveilap the opening of the receiver Probably 
an image diameter of approximately 0 4 cm 
is more often employed m calibration, and, m 
general use, the variation m imago diameter 
may be of from 0 2 to 1 1 cm Thus calibrated, 
this pyrometer would indicate EIE’a too 
small by 32 per cent when the smaller imago 
is used, and too great by 17 per cent with the 
larger image 

Curves B and 0 illustrate the variations of 
E M F with image diameter foi two other 
Fery pyrometers The size of image was* 
varied by both altering the size of the source 
and of the focussing distance The fact that 
the points obtained by either method coincide 
equally well with the curve precludes the 
possibility of any experimental errors, such as 


temperature gradient across the nickel strip 
u^ed as a souice, oi the change m tcmpeiatme 
of the strip due to the use of various sized 
diaphragms It also indicates that the emu 
due to the atmosphouc absorption is small, at 
least m companson with enois involved m 
the heating of the focussing murois These 
curves jepresent the beliavioui of the two best 
acting pyrometeis examined In the case of 
B, the E M F for 1 1 cm imago is 1,3,3 per 
cent of that obtained with an image of 0 15 cm , 
the chain etoi of the limiting diaphragm in 
fiont of the receiver, and foi (J this i elation is 
162 pei cent If those mstiumonts wore cali- 
brated with an imago chamoiei of 0 4 cm , the 
EMP developed by B would be too great by 
2 per cent for all cm image and too small 
by 11 per cent foi a 0 2 cm image, and by C, 
too gieat by 2 pci cont foi the larger image 
and too small by 18 pei cent foi the smaller 
image, with onois ot out -loin th these pui- 
centages when lefcned to absolute tompeia- 
turcs 

Pyrometer B had a met il diapluagm located 
between the silvei glass focussing mmois and 
the receivei, while in C this diapluagm was 
absent, but the focussing imams woio ol gold- 
plated sheet coppei Those two instillments 
show a smallci ofiect of vanation m si/e of 
image than does pyrometer A, foi tho icason 
that the metal diapluagm m 13 and tho coppei 
mirrors m 0 were good heat conductors, m 
contiast with the glasH minor diapluagm of 
A, and allowed pait of the heat to he earned 
to the walls oi the thermocouple box, where it 
was dissipated by radiation and convection on 
the outside, away from the thermocouple 

The fact that all three curves aie asymptotic 
to constant values proves that this type of 
pyiomotor should be calibrated and used on 
objects giving images much larger than the 
minimum specified by the theory of tho in- 
stillment 

(m ) Summary of Fonnnnr/ Enars fin a Ft ) ij 
Pyiometei — The puncrpul error results from a 
variation in tho si/o of the imago oL the 
source formed by tho largo condensing minor, 
and is duo to tho heating ol tho limiting; 
diaphragm oi tho focussing mmois immediately 
in front oi tho thermocouple receiver Tho 
amount of this heating increases with mei eas- 
ing size of imago On account of this I act, 
the pyrometer readings foi a source of constant 
size decrease with increasing focussing distance , 
and for a constant focussing distance the load- 
ings mciease with mot easing sr/o of souice 
With ordinary use of this pyrometer, emus of 
this type may amount to several bundled 
degrees m extreme eases, and, m general, to 
50° oi more, unless ceitam specified mothoda 
of procedure are employed, fox example, tho 
use of an image of a definite size foi every 
measurement 
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The following table piesenta a suminaiy 
of the various errors, the magnitudes of which 
depond upon the focussing distance 


T\bll IV 

Effect upon tup Pyrometer Reading op 
increasing ml Eocussing Distanou 


Reading liici ciscs on 
Account ot 


1 Vanable apeituro 

2 Shading of concave 

mm oi by thermo 
oonplo box 


lieulmg dcaciscs on 
Account ot 


1 Atmospheric absorp 

tion 

2 Convection cm rents 

fioin Borneo to ro 
coivci 

l Stiav lcllcction m 
reel ivci and tele 
soopo tube 

4 Reradution to couplo 

fiom side walls of 
pvromota 

5 Imago of source be 

coming smallu 


With tho Post oi fixed focus the principal 
souice of tho error is secondary ladiation 
fiom the side walls and diaphragms of the 
fiont pait of the pyiometei tube to the 
thermocouple xecoivet, and stiay icflection 
fiom the side walls 

(iv ) JElffed of Dut and Oxidation upon the 
Garni ending Device — It has been found that a 
slight film of oxide on the suifaco of tho 
concave mn rot of tho F6iy oi Foster radiation 
pyromotci s doos not senousiy altei tho amount 
of radiation reflected, which amounts to about 
Ob per cent of tho incident enoigy, as tho 
gieatei part of tho radiation exists in the foim 
ol long wave-lengths, which tho tarnished 
innrots reflect without difficulty This expon 
mental fact has frequently been misundci 
stood and iho impression obtained that in 
spito ol chi t accumulation, stains, and snatches 
tho gold sin face iemams unchanged m its 
reflecting powci , such is not tho caso Pyio- 
motors subjected fo seveio use m the industries 
soon beeomo coated with dust and dut, and 
oriois of 100° C 1 aie not unusual when tho 
inuiois become dirty Tbe instruments will, 
of com so, lead low 

En exceptional eases tho fiont of tho pyio 
meter is eoveiecl by a sheet of glass so as to 
prevent tho access of dust and fumes into tho 
mtonor oi the pviomotci The glass reduces 
the sensitivity of the instrument very con- 
siderably owing to Absorption, ancl experi- 
ments show that tho variation ol tho E M F 
is generally nearly proportional to tho fifth 
power of the absolute temperature 

^ (15) Advantages and Disadvantages dip 
a ii g Total Radiation Pyrometer as com- 
pared wrrir the Optical Type — Tho total 
ladiation pyrometer has tho advantage ovor 


the optical typo, insomuch that it is direct 
reading Theie is no necessity foi the observer 
to judge equal intensities as is the case with 
optical pyrometers A total ladiation pvio- 
metei can bo coupled up to a xecoider ot the 
type omployed with thermoelements and a 
continuous recoid of tcmpeiatuics obtained 
It is also applicable to lowoi tomperatuies 
than can be measured with the optical type 
On tho othei hand, departui e from black body 
conditions oi the piesenco of C0 2 or watei 
vapour causes gi eater enois m the leading of 
the total ladiation typo than m tho case of the 
optical 

§ (16) Calibration oe Radiation Pyro- 
meters — Instruments aie generally ealibiated 
by comparison with a standard instrument 
ovei the range 500° to 1400° C A uniformly 
heated muffle foims a convenient source of 
ladiation closely approximating to a full 
radiator 

Tho standaid instrument icquiies more 
elaboiato study For tins purpose a laige 
platinum foil wound eloetuc furnace is con- 
venient , tins should he provided with 
suitably disposed diapluagms, and the pyro- 
meter locussed on a plug ol icfiactoiy mateual 
fixed m Hie conti e of tho furnace Across the 
face of this plug one oi mote platinum- 
rhodium couples should be ntrotohed, so that 
the mean tompeiatuio of the suilace is 
obtained w r ith accuiacy 
To obtain a cone of radiation of sufficient 
size to fill the field of the pyrometer it is 
advisable to employ a furnace with an apeituro 
of ovei three inches m diameter 
At high temperatures a considerable amount 
of cooling takes place by convection from tho 
open mouth of a horizontal furnace Pome 
improvement can bo effected by inclining 
the mouth down wauls at an anglo of 20° to 
30°, but loi tho steadiness of tompeiatuio and 
for economy a vertical anangement ot the 
furnace, opening downwards, is tho most 
satisfactory 

For temperatures up to 1100° C tho JEurnaeo 
can be wound with “mchiomo” oi similar 
alloy tapo about I cm wide by I mm thick 
For higher tomporatures up to 1100° 0 it 
is noccasaiy to employ platinum foil, since tho 
life of a nickel chromium alloy winding is only 
a few boms at a tomporalui o of 1300° 0 
(l ) Compulation of Calibration Data — The 
thermoelectric typo of radiation pyi ometei 
obeys tho relation 'E=tt(T* ~T 0 a ), where E 
is tho E M F developed when the pyrometer 
is sighted on a black body at an absolute 
temperature T, tho temperature of tho receiver 
being T 0 , and a and b are empirical constants 
In general, T 0 6 is negligible m comparison with 
T 6 , so that one may write E~aT b Tho 
constants a and b must be determined foi each 
instrument 

2 x 
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Although two calibration points serve to 
determine a and b, observations are usually 
made at five or more different temperatures, 
and the best curve is drawn through all the 
points Smco an exponential cuive of the 
correct form is difficult to adjust graphically, 
the cuive is rectified into a stiaight line by 
plotting log E m terms of log T 

Thus, expressed m loganthmio form, the 
equation for the pyrometer becomes 

log E =log a + b log T, 

which is a linear i elation between log E and 
log T, the slope for the straight lino deter- 
mining the constant b 

( 11 ) Calibration by Sighting on a Ileated 
Stngi — The stand at chsation oi a radiation 
pyrometer under black body conditions against 
a tnermoelement is a somewhat tedious opera- 
tion owing to the time lequned by the furnace 
m settling to equilibrium 

When a calibrated instrument is available 
this can be used as woikmg standard and 
other instruments tested by comparison with 
it For this purpose it is not essential to have 
black body conditions, and any furnace will 
meet the requirements provided the surface 
sighted upon is uniform m temperature 

The Bureau of Standards has discarded 
the use of a furnace in favour of an electucally 
heated strip Of the metals available for the 
purpose of making itie strip, nickel appears 
to he most satisfactory When heated m air 
a firm and uniform coat of black nickel oxide 
(NiO) forms on the surfaco Such a strip 
can be used almost indefinitely up to 1300° 0 
and rapid changes of temperature can be 
made from 500° 0 to 1300° 0 The cooling 
from 500° to room temperature must he done 
slowly, or flaking of the oxide will occui 

In the apparatus employed a stup 17 cm 
long (exposed section), 13 cm wide, and 0 015 
cm thick is mounted vertically between watei- 
cooled brass-clamp terminals Tins is heated 
by an adjustable cunent (maximum 1500 
amperes) supplied by a low tension trans 
former A stup of tins size furnishes a source 
of circular area and diameter of 12 cm which 
is uinfoim to within 2° at 1200° (1 over its 
entire surface 

The advantage gamed in using a strip 
several centimetres longer than its width is 
marked The temperature variation across 
the width of the strip is practically ml, the 
mam variation occurring along the lower edge 
Thus, the tempeiatuie gradient along a vertical 
section of the strip is not symmetrical, the 
bottom of the strip being cooler for several cm 
than the top Using a strip 17 by 13 cm the 
centre of the 12 cm uniform temperature area 
is located 6 5 cm fiom either side, about 
7 5 cm from the top, and 9 5 cm from the 
bottom 


In the use of this nickel oxide source for 
the calibration of pyi omelets it is essential 
that the msti union ts compared be of similar 
type, so that the departiuc liom “ blackness ” 
of the strip will affect each pyiomctcr m the 
same manner Laige enois would he involved 
m the comparison of an optical and ladiation 
pyrometer by this method unless the observa- 
tions were corrected bothfoi the monochi oinatrc 
and for the total emissivily of nickel oxide 

§(17) Total Radiation i*rom Oxidis 4np 
Metallic Stra faces —While muffle furnaces 
and heating chamber a emplovecl m tho in- 
dustries closely approximate to ‘ full radiators,” 
the surfaces of metallic objects depart con- 
siderably from the idea] contemplated by tho 
Stefan- Boltzmann law Consequently, a lacha- 
tion pyrometer calibrated on a “ full lachatoi,” 
if employed to take the temperatures of such 
surfaces, will give readings which aio too 
low 

When the suifaeo is oxidised, tho chffoience 
between the apparent, and the leal tompoiature 
will be a function of tho condition of the 
surface, and it is diffleult to apply a collection 
with any degreo of certainty 

Tho radiation from some of tho commoner 
metals has been investigated with tho con- 
clusions summarised below 

§ (18) D LFINITIO N - OF THE EMISSIVITY OF 
i Kurfaoe — At the jncseut time the teitn 
“ omissivity ” is used to denote the ratio of 
the heat emitted by unit area of tho suifaeo 
to that emitted by an equal aiea of a “ full 
radiator” at the same tomporatiucs, and not 
in the older sense of the tcim, when it denoted 
tho heat omitted per unit tune divided by tho 
temperature excess of the surface above tho 
surroundings II once il Q is tho total radia- 
tion omitted by the unit aiea of tho surface 
at absolute tomporatuio T to surroundings at 
temperatuio T 1? and o* is tho “black body” 
constant, then 

Q-EfffP 1 ~ r iy), 

where E is defined as tho omissivity constant 
for the surface at T 

In the following bnef review of experimental 
woik on the detennmalion of onussivitioB 
attention will ho confined to those investiga- 
tions which have been made pnmaiily with a 
view to the evaluation of the (directions to 
the total radiation pyLo meter loadings when 
used for taking tho tompciatiues of such 
materials m the open 

( 1 ) Emisswity of Niclel Oxide. Sat Jure — 
Burgess and Foote employed an ordinal y IV iy 
radiation pyrometer for tho measurement of 
the emissivity coefficient This pyrometer 
was cahbrated to give true tempeiatmes under 
black body conditions 

Obseivations were made ol tho apparent 
temperatures, the corresponding true tom- 
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& "being obtained by methods described 

denotes the total emissivity of an 
natcly non -selective, ladiatmg suiface 
ite tmnpeiature T lf and S the apparent 
tuio obseived with tho radiation 
( ei, and Q the radiation, then 

Q^(S*-T 0 i), 

Q^Ea^-V), 


3 600° 0 the term T 0 4 may be neglected, 
pie calculation will show 
example, E is about 0 5, tho cnoi m 
3 by neglecting T 0 would be only 0 007 
C and 0 0002 at 1300° C 
^ the emissivity may bo calculated by 
ile expression 



m piactical types of ladiation pyro- 
die index is raicly exactly i, tho above 
on requires slight modification m such 

ig tho chaiactonstic exponent of tho 
il relationship between e tho E M F 
ipeiatuie as b so that 

ef is the E M If genoiated when sighted 
hating surface of apparent temper atui e 
iluto) and true temperature T, 

>tam the tine tompoxatuios coireapond- 
lie appaiont tomperatures two methods 
vailable which gave losults m close 

'ho application of the idea embodied m 
y meldomotoi, in which tlio molting- 
of micxoscopic specimens of vanous 
logs weie obseived, such as NaCl 
) , Na a SO, (88 1° C ) , Au (1063° C ) 
Timents weie made to ascoitam that 
nperatuxo of tho stup did not dill or 
ably from that of tlio specimens 
ly the use of an optical pyrometer 
Led to read tine tompeiatuxea when 
on such a surface This pyromotor 
d on the pnnciplo of matching tho 
jy of the light from an electric 
ilament with the light fiom tho hot 

pyrometer was calibrated initially for 
radiator ” conditions, and then the 
ire of the nickel oxide surface was 
id by sighting on the surface of a 
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nickel tube, electiio.illy heated, and into a 
small diaphiagtned enclosute in the centie of 
tho tube B> pi opeily loc atmg flic diaphi agms 
in the mtenor of the tube “ black body ” 
conditions could be i call sod quite sati&factoiily 
Thcoieiically the experiment might be 
simplified bv using the total ladiation pyro- 
metoi dnectly to sight on the outside of the 
oxidised tube and on the mtenoi the hist 
observation giving the apparent temperature 
while the second would give the tiuo tem- 
perature But, owing to the laige apeituio 
that would he necessaiy m comparison with 
that icquuod for an optical pyi ometei , this 
method of obtaining tho tiuo tempeiatuie 
would present piactical difficulties 

It should be icmaiked, howevoi, that the 
principle employed (ol measuimg the radiation 
by concentiating it on the theimocouple by 
means ol a metallic nnnoi) is only valid so 
long as coefficient of idlection of the suiface 
does not vaiy with the wave length 
This appears to be the ease foi gold over tho 
spectrum range fiom /x to If g 
The variation of emissivity with temperatui o 
of NiO is given in Table V while corrections 
to “apparent” tompeiatures are given m 
Table YT 

Taule V 


'J un] mi atm u, 

0 0 

Emifluh ily 

Ti nipuaUuo 

Q (1 

LmiHHivlty 

GOO 

0 54 

3000 

0 75 

GOO 

0 59 

1050 

0 78 

700 

0 02 

1100 

0 81 

750 

0 G5 

1150 

0 84 

800 

0 08 

1200 

0 bb 

850 

0 70 

1250 

0«0 5 

900 

0 72 

1300 

0 8b 7 

950 

0 73 




Taijlii VI 

GoRBFCirnws wnion must bv addiid r io the 
AppuuuNT Readings of Radiation JPyho 
meters to cuvn Truii Temperatures when 
SIGHTED ON AN OXHUSLI) NlOKl'L SURFACE 


Appaicut 

Tempera- 

Oormtion 

Appaiont 
Tempo! a- 

Correction 

true, 0 C 

500 

120° 

two, 0 1' 

1000 

75° 

GOO 

110 

1100 

05 

700 

100 

1200 

55 

800 

95 

1250 

50 

000 

85 




(n ) Iron Oxide — A knowledge of tho 
emissivity of iron oxide is of considerable 
importance technically, since it permits of 
correction to the readings of radiation pyro- 
motois when taking the temperatui es of 
billets, mils, etc 

Buigoss and Eooto made observations on 
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the same lines as those described above m 
the case of nickel, m this case, however, 
elhetncalH heated iron tubes of various sues 
veie employed as radiatois 

The results are given in Table VII 


Tible VII 


True 

Temper it ure, 

Emissivity 

Correction to 
Apparent 
Tempeiature 

500 

0 85 

30° 

GOO 

0 85 

30 

700 

0 86 

35 

800 

0 87 

35 

900 x 

0 87 

40 

1000 t 

0 88 

40 

1100 t 

0 88 

45 

1200 

0 89 



It is possible to calibrate a total radiation 
pvrometer to give approximately true tern 
peratures when sighted on an oxide surface 
by insert mg a resistance coil m series with 
the indicator when standardising on the 
customary ee black body ” furnace The value 
of the resistance can be calculated from the 
constants of the instrument 

(m) Temperature Gradient though the Oxule 
Layer — Iron oxide is a comparatively poor heat 
conductor, consequently it might be expected 
that the true surface temperature would be 
appreciably below that of the body of the 
metal 

Experiments with a thermocouple inside the 
tube to give the true temperatuie showed that 
the gradient through the oxide was consider- 
able and apparently independent of the size 
or the tube It would appear that the thickness 
of the oxide layer is automatically rendered 
of the same order of magnitude for different 
times of heating by the flaking off which 
occurs 

Data obtained by Burgess and Eooto con 
cemmg this gradient are m good agreement 
with those obtained by Buigess ? Crowe, 
Raw don, and Waltenberg on rail sections, the 
couple bemg inserted m a small hole drilled 
parallel to the length of the rail and as near 
the oxide as possible 


Temperature, 

Temperature, 

Inside La>er, ° C 

Outside Layer, 6 0 

610 

600 

715 

700 

820 

800 

930 

900 

1080 

1000 


These results show that any method of 
obtaining the temperature of rails, ingots, etc , 
by observations of the surface temperature, 
is liable to senous error unless account is 


taken of the giadient thimurh Urn 
film 

(iv ) Lmusivity of 1 fallen Hh'tah The 1«d d 
radiation pyiomotei as of vei y limited u a* w it h 
molten metal miii hues Hu<h mitfm< i » ut 
nevei be flood limn lia/e m log, and <h* 
radiation from the vails ol the fum.n e »** 
oiuciblo icllecied at tlio molien mu late u opr 
to produce soiioua emus 

Buigess has made some observation. m* 
the diffeioneo between the nppaient and mil 
tempoiatuics m the case of metallic mppri 
and eupions oxide hui bitch, using a Id i v 
pyioinotoi 

The following lolalionslupH veie found t * » 
he appioximatoiy tine in 1 1 u*ho e<| nations / 
is the tiue iempoiatuio lentiguule mid .v the 
appai ont 

Molten coppoi , clear nut face - 
i -3 10 18, 

Surface covoicd by cujitouh oxide 
t - 1 llw- lb<> 

The diffoienco between the uppiutnt 
temperatmos — when the pyiometei w a i in 
sighted on the olein coppoi mufaen and ilien 
on the oxide surface, both being at the warm 
Iempoiatuio — amounted to as much an 300 (' 

The appai ont fioo/ang-pomt ol < oppei (eh it 
suifaco) was found to bo 600" (' compand 
with the true value of 1083" <\ 

The onnsaivxiioM oi the two am (ana at 
various tompoiatmoH aro given m Table \ III. 


Taiimi VIIL 


Tunpoi aturo, 

IlinlHrtlvlty 
(Million {'(ij>ihh) 

'lom pot id itro, 

» (i 

I m1»>Ul 

lJ (1 

It ilprmiw u 

1075 

0 16 

800 

0 hU 

1125 

0 15 

ooo 

o no 

1175 

0 15 

1000 

o no 

1225 

0 14 

1100 

0 01 

1275 

0 13 

• 

• 


Thwmg lias made some observationa on tin* 
omiHsivitios oJ both molien iron and moitui 
copper relative fo that of iron m tin* auhd 
state (presumably oxidised) Ko detail 4 an 
given concerning the expet mionis Iti nlalt < 
that molten oast non at 1800° (' in 1 joo (' 
has an emiBwvity of ()«2f> that of the x.did 
metal Mild steel (molten) at 1(500" (’ 1m a i 
relative coefficient of 0 28, winch uielbeM id 
appears to hold up to 1800" (\ Molten 
copper has an enussivity of (H I iJut of K u]j*i 
iron 

Some of the experiments appear to hn\«* 
been made on the streams ol molten inetah 
issuing from the furnaces 

Table IX summarises existing knowledge au 
regards the corrections imputed to uppiucnt 
temperatures given by total radiation p V r«. 
meters to convert to true tompoiatuim 
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Table IX 

True Tempi raturi s and Apparent Timfiryturls miasured by Radiation Piromftlrs 

WIIPN SIGH I ED UPON VARIOUS MATrRIYIS 


Observed 

Tempi nit/Ure, 

°<J 


True Temper iturc, 

°C 


Molten lion 

Molten Coppci 

Coppei Oxide 

lion Oxide 

Nukcl Oxide 

000 


1130 

720 

G30 

710 

G50 


1210 

775 


755 

700 


1290 

830 

735 

800 

750 



890 


815 

800 

1200 


045 

© 

oc 

895 

850 

1270 


1000 


940 

900 

1340 


1000 

945 

985 

950 

1410 


1115 


10)0 

1000 

1475 


1170 

1050 

1075 

1050 

1550 




1120 

1100 

1010 



1155 

1105 

1150 

1080 




1210 

1200 

1750 



12G0 

1255 


§ (10) Absorption in tiie Medium through 
■which the Radiation passes — The radiation 
has generally to pass lino ugh a gaseous medium 
before leachmg the pyrometei At present 
the information available concoinmg the ellect 
of any absojption by the medium on pyio 
metric obseivations is very scanty 

The subject is complicated by Iho fact that 
most gases and vapouis have fairly sharply 
defined absoiption bands, and that the 
distubution of energy among the wave lengths 
of the continuous spectmm emitted by a 
“ black body ” vanes with the temporatuie 
Should one of the absorption bands coincide 
with the maximum enoigy wave-length of the 
speotium Rb mnuenco would bo very maikcd, 
whoieas at anothei temporatuie that particular 
wave length might contain but a very small 
fi action of the total enoigy m the spectrum, 
consequently the loss by absorption would bo 
insignificant 

It is known that OCR has absoiption bands 
of wave lengths 4 4, 2 7, 14, and 15 fx m the 
mfi a -rod, the band at 4 4 g, being a strong one 
Water vapour has a numboi of absoiption 
bands m the neighbomhood of 0 fx 

Hence the piesence of cooler strata of CO^ 
and othci gaseous products in the furnace 
will lower tho readings of the pyrometer 
The wntor on one occasion observed an error 
of 40° 0 m the readings of a pyrometer when 
taking the temperature of a fumaco near the 
mouth of which watei vapour was present duo 
to the drying out of the fumaco 

Tyndall, about 1850, made a thoiough 
investigation of the diathermancy of gases 
and vapours The apparatus employed, con- 
sisted of a brass tube closed at the ends by 
plates of rock salt Facing one end of the 
tube was a source of radiation, such as a 
cube containing boiling water or a glowing 
spiral of platinum. At the other end was 


placed a thermopile When the intcnoi of 
the tube was exhausted tho deflection of the 
galvanometer connected with tho thcrmopilo 
was i educed to zero by bunging up a com- 
pensating cube to the othci face of tho 
thermopile The gas under lest was then 
introduced into the tube, if it excited any 
absorption effect tho galvanometer needle 
would be deflected Tho fraction of radiation 
absorbed could bo obtained by observing tho 
lull deflection produced when a screen was 
mtoi posed between tho theimopilo and the 
tube The compensating cube then produced 
the same cfloot as tho ladiation which 
pioviously traversed tho exhausted tube 
Tyndall found that an, oxygen, hydiogen, 
and nitrogen, if caiefully puuhcd, excited no 
sensible absoiption, wlnlo watei vapour and 
carbon dioxido had a marked absorption 
Vapour of mgame compounds also had a con- 
siderable absorbing oil out K G 
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QUANTUM THEORY— REAUMUR 


Q 


Quantum Theory 

Application of, to the behaviour of gases 
under various conditions See “ Thermal 
Expansion,” § (26) 

Explanation of Variation of Atomic Heat 


with Tempcvtatuie Noe “ ( \Unniiu ( i \* 
the Quantum Thorny,” § (H) 

Formula© foi Spiuhe Iloat, Wvpeimit n( it 
Tost of, by E II (hilhtlm and K/**t 
Grilhths Hr© ibul *j(I5) 

Sec also Vol LV 


R 


Radiation 

Confirmatory evidence of the laws of, 
from a consideiation of the inter -related 
phenomena of atomic structure, of X-iays, 
of ionisation and resonance potential, and 
of photoelectucal action See “ Radia- 
tion, Deteimmation of the Constants of,” 
etc, IV §(111 Vol IV 
Constant of Spectial, determmations of 
See ibid III § (7), Vol IV 


ThonnomotiH* methods oi evahnlnm nj, 
with “ bhu k ” uu oivois Nee (hit! \ ( h. 
Vol IV 

Radiation, Determination oh tiiij (Sin* 
ST4NTN OF fcloo VdJ 1 V ; 

Radiation Theory »SVo Vol l\ r 
Radius of Gyration r rho square mot of 
the latio of the niomont of mot (in of K i 
body about a lino to tlio mass of the body. 


Formula and Coefficient of Total verifica- 
tion by experiment of Stefan-Boltzmann 
law See ibid IV § (9), Vol IV 
Formula and Constant of Spectral experi- 
mental evidence shows that, thioughout 
the spectrum, from 0 5 /x to 50 g, Planck’s 
formula fits the observed spectral 
energy distribution more closely than 
any other equation yet proposed See 
ibid IV § (11), Vol IV 
Fourth-power ” Law of, used to measure 
high temperatures See “ Pyrometry, 
Total Radiation,” § (1) 

From a Black Body, discussion of See 
“Radiation, Determination of the Con- 
stants of,” etc , I § (2), Vol IV 
From Flames See “Engines, Theimo- 
dynamics of Internal Combustion,” § (57) 
Losses in internal combustion engines See 
ibid § (61) 

Measurements of Solar and Stellar See 
Vol III 


Theory of Heat laws of Boltzmann, 
and Planck See" - " 


5 ( 1 ) 


‘Pyrometry, Optica] 

Total, of a Black Body, used as a seconda 
standard of temperature in the ran 
above 500° C See “ Temperature, Re* 
isation of Absolute Scale of,” § (41) (m ) 
Transmitted by Red Filter Glass of Optic 
Pyrometer, Wave-length of See “ Pvr 
metry. Optical,” § (11) J 

Radiation, Coefficient of Total 
Indirect and substitution methods i 
experimental evaluation of See “ Radii 
tion Determmation of the Constants of, 
etc , II § (5), Vol IV 

< ^. me ? ods , of experimental evalui 
laon of See ibid II Vol IV 




V l~Af 


I. 

I 


Railway Dynamometer Cars hou 'UN, 
Measurement of Tract tv l Em-okt \ni» 
Resistance See “ DynumometeiN,” ^ (b) 

(iv ) 

Rain Gauges Hoc " Hydraulics,” § (,*}) Soo 
also Vol 111 


Rainfall, JDr&TRimmtw and Annual \ uuv* 
tion of See “ UydomliiH,” §4} (!) mid (l 1 ) 

Raice of a Propeller A blade m said In bo 
raked foiward oi aft auordmg ns (ho 
centre lmo of the blade a( the tip it, Unwnul 
oi aft of the eontie line at the rout Hoc 
“Ship Resistance and Pjopulsnin,” § ( II) 
Ranicine Cycle See u Steam - cnjfific 
Theoiy oi,” § (3) 

Revoisibihty of § (7) 

For Wot Steam § (5) 

Rayleigh’s Formula imu Radiant Mni mi\ ; 
a formula, duo to Lord Rayleigh, giving nti 

appioximation to the diHlriimlion of nnliimt 

energy along the spoctnim, on the side of 
the long wave lengths It is the explosion 
which should bo found if the classical hv Mem 
o± mechanics wore valid, and has the bum 


See “Radiation Theory,” § (6), Vol t\\ 

Beaotioit Turbines Soo “Tuilmi,.. 1 
velopment of tbo Steam,” § (2) j “Hteaiie 
turbines, Physics of,” ^ (U j f (j(^ 

B t»r ;t lt , n lntr0 ? U00r 0f 11 s ' ,aI ° "f’lwniwa 
turn, stall used m pa,t H „f Central K.J, 

to t^T a ’ “ Whu ‘! 7 1 oro an<l 80 
the freezing- and boiling point »f 

respectively See “ Thermometry,” g (2) 
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RECTIFYING COLUMN — REFRIGERAT 1 ON 


Rectifying Column used in Fraction yl 
B iSTir lation of Air See “ Gases, Lique- 
faction of,” 4} (2) 

Red un dint Members in a Frame See 
“ Stiuctuies, Strength of," § (25) 

Rffiv vctory Materials, Thermal Con- 
ductivity of See cc Heat, Conduction ol,” 
§ (4) and Table II 

REFRIGERATION 

4? (1) Introductory General Theory — 
The x>iocess of lofngeiation consists m 
removing heat ftom a body that may be (and 
generally is) ooldei than its suuoundmgs In 
cold stoiage, Xoi example, the contents of 
a chamber aio kept at a temperatme hum 
than that of the an outside, by cxti acting the 
heat which continuously leaks m Enough the 
imperfectly insulating walls In ice making, 
heat has fix at to be removed fiom water m a 
can or tank to bring its tompciatuie down to 
the freezmg-pomt, and then the “ latent hoat " 
has to be removed as the watei fiee/es A 
fundamental principle of Theimodynamics 
(q v ), known as the Second Lav, 1 is 
that hoat does not pass spontaneously fiom 
a cold body to a hot body, and it is im 
possible to have a puicly self acting machine 
that will go on conveying hoat from a cold 
body to a hot body To maintain a lefugeiat 
mg process accoichngly requires some expondi 
turo of eneigy It is generally done bv means 
oi a mechanically driven heat-pump, woikmg 
on what is essentially a ic versed heat engine 
cycle It may also be done by the direct use 
of high tempeiaturo hoat without intei mediate 
conversion of that heat into woik, by means 
of devices which will be mentioned later 
Any process of refrigeration involves the 
use of a wmlnng substance which can be 
made to take m heat at a low tompciatuie 
and discharge heat at a higher tempeiaturo 
The heat is diaohaiged by being given up to the 
air outside oi to any water that is avadahlo 
to receive it The process is a pumping up 
of hoat from the level of tempeiaturo of the 
cold body, at which hoat must he taken m, 
to tho level at which heat may he discharged 
These tompcratuio levels should be as near 
togethei as is practicable, m oidei that no 
unnecessai y woik may ho done in othei woi ds 
the action of tho woikmg substance should 
be oonlined to tho nano west possible range 
of tempeiaturo Tho tempeiaturo of dis- 
charge should bo no higher than is necessary 
to get i id of tho hoat, and the lower limit 
should be no lower than will ensure transfer of 
heat mto the working substanco, fiom the 
cold body from which heat is to he extracted 
Let T t he the temperature at which heat is 
discharged and T 2 the temperature at which 
1 8eo “Theimodynamics,” § (17) 


it is taken m fiom the cold body Considei 
a complete cyde m the action of the woil mg 
substance Let ( v ), be the quantity oi heat 
winch is cbschaiged and Q 2 the quantity which 
is taken m fiom the cold body , and let W be 
tho thermal equivalent of the woik spent m 
driving the icfngeratmg machine Then, by 
tho conservation of eneigy, 

Q 1 = Q a + W 

Tho useful lofngciatmg effect is moasuied by 
Qj, and the “ coefficient of pciioimance,” 
which is tho latio of that effect to the woik 
spent m accomplishing it, is Q 2 /W 

We have lust, to mquiio what is the highest 
possible coefficient of pcifoimanco when 
tho limits of temper atui e T x and T 2 are 
assigned We know by the pi mciplo of Carnot 
(“Theimodynamics,” §4} (18) to (20)) that 
when heat passes down horn i\ to I\ thiough 
a heat-engine, the ideally gioatest efheienov 
in the conversion of heat into woik is obtained 
when tho engine is theimodynamically xevcis 
ible In that case 

Qi __ Qa 

Ti~T a 

Tho output of woik W is Q A ~Q 2 Ilcneo 
the ideally gioatest output of woik is i elated 
to Q 2 , tho heat i ejected at tho lower limit 
of tempciatuie, by the equation 

w ^Q a (Tx -T a ) 

1 2 

A coi responding proposition m tho theoiy 
of refrigeration (which will ho pioved immedi- 
ately) is that the ideally gloated coefficient 
of peifoimanco of a leiugoratmg machine, 
woikmg to pump up heat honi T, to T,, is 
obtained when tho machine is thermodynamic- 
ally rovei siblo In that case tho same 
i elation holds, namely 



and tho amount of woik W which is spent m 
dnvmg the machine (and is equal to Qi-Qj) 
is i elated to Q 2 by tho equation 

w.= Q * (1 >r- ,) 

T a 

In other worelp, tho qioatwl amount of work 
that is theoretically obtainable m lotting heat 
pass clown thiough a given range of tempoia- 
tuio is tho hast amount of woik that will 
suffice to pump up the same quantity of 
hoat through tho same lango 
To show that no lofngoiatmg machine can 
bo more ofljciont than ono that is rovcrsible, 
wo shall uso an argument of a quito general 
charactoi, based on the Second Law of Thermo- 
dynamics Lot E, Fiq I, bo a reversible 
refrigerating machine, roversed and therefore 
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serving as a heat engine It takes a quantity 
of heat, say Q ls fiom the hot body, and dehveis 
a quantity Q 3 to the cold body, converting 
the diffeience into work Let all the work W 
which it develops be employed to duve a 
refugeratmg machine R and assume that 
there is no loss of power m the connecting 
mechanism Accoidmgly the two machines, 
thus coupled, form a self acting combination 
If the machine R could have a greater 
coefficient of performance than the reversible 
machine E, that would mean that the ratio of 
to W would be greater m R than in E 
Hence (W bemg the same for both) R would 



take more heat from the cold body than E 
gives to it, and R would also give more heat 
to the hot body than E takes fiom it The 
result would be a contmuous transfer of heat 
from the cold body to the hot body by means 
of a purely self-acting agency This would 
be contrary to the Second Law of Thermo- 
dynamics we conclude, therefore, that no 
refrigeiatmg machine can have a higher co- 
efficient of performance than a reversible 
machine working between the same limits of 
temperature 

It follows that all reversible -refrigerating 
machines working between the same limits 
of temperature have the same coefficient of 
performance It also follows that the value 
of this coefficient is that which would be found 
m a reversed Carnot cycle, namely 

Q 2 _ t 2 
w~t 

This is the ideally highest coefficient, it 
measures the performance of what may be 


' called a peifect rofngeiatmg machine Tin* 
coefficient of peifonn.uuo m any it il ni.it him* 
is neccssanly loss, 1<>i tin' t\<lt> oi a mm! 
machine falls short ot iovoisiluhl\ 

The following aie liumoiieal values ol I lu** 
expression, namely values of the coeilu tent 
of performance m a polled or ie\< tmhlt* 
refrigerating piocess, foi muiouh mimes of 
tempeiature Though these uio ideal Inom ■», 
representing a theojolic.il limit ninth tantud 
be icached m junction, and is in (net nut 
neaily leached, they illustiate t h(> unpoitnmo 
of making the range of lompeiaLno as Hindi 
as possible by taking m the lienf which hi* 
to bo extracted fiom the told body nl a lom 
peiatuie no lowei than can lie helped, and In 
discharging it aftoi the least practicable uho 

COEFFICIENTS OF IhlkM MIMA NOW 
OF A PERFECT RltHOUOKltATlNU MUUIINII 



§ (2) The Vapottk-oomimm'JMHJton Lkikiijhs, - 
The woikmg substance m a rofngeiatmg 
cycle may bo a gas which remaiUH gnseoUH 
thiougbout, suoh as air Mmo commoulv it m 
a fluid which is alternately (ondensed and 
evaporated Duung evaporation at. a tow 
piessuie the fluid lakes m heat fiom tilt* 
cold body, it is thou eomptoHsed and gives 
out heat in becoming oomlensed at a, ielaii\el\ 
high pressure A machine tor carrying nut 
this process is called a vapoin oomptCHHiou 
refrigeiatmg machine The selection of l ho 
fluid is governed by practical ooiiHidomi ions 
Water is used m some eascH, but a hock him 
drawback to its use is the very large \oluine 
and low pressure of tho vapom at Imv tem per a 
tures Thore aie obvious advantagen m using 
a fluid whoso vapour- piosmua is neither menu, 
veniently small at tho lower limit of tempera 
ture nor mconvonionlly huge at tho tippet 
limit The fluids most commonly used me 
ammonia and carbonic and Ammonia has a 
convenient range of vapour-prossmo through 
out the range oE temper aiuro with wind* 
we are concerned m practical refrigeration. 
It has the drawback that it acts eliommally 
on copper and brass, aocoulmgl y mmo of 
the parts of an ammonia plant that an* 
exposed to contact with the working fmlmtnriee 
may be made of these motals, fhom tho 
thermodynamic point of view ammonia admit* 
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of vcLy efficient woikmg, it is, m fact, tho 
favour 1 L 0 substance when economy of powci 
is tho dud factor in determining tho choice 
With (.u borne xeid the vapour pressure is 
( onsrdoiably higher, the critical point is 
leached at a temper atuie that may come withm 
the range of operation, and tho theunodynaimc 
oJhciency is somewhat less Notwithstanding 
those objections, taibome acid is frequently 
pit foiled, especially on boaid ship, whore 
it is moio harmless should any of the fluid 
escape by leakage into the room containing 
tho machine For use on land, especially 
when the vapour -compression process is earned 
out on a huge bcale, as m ice-makmg or m 
the cooling of laige stores, and tho highest 
thermodynamic efhcicncy is aimed at, ammonia 
is usually chosen Other fluids with lowei 
vapour piossuies aio occasionally piefened, 
especially m small plants, such as sul- 
phuious acid, ethyl chloride, or methyl 
chloride 

If tho lever seel Carnot cycle wore 
aotually followed, tho choice of woilang 
fluid would make no diffeience to tho 
oflicioney tho cooflicient of peiform- 
anco Xot any fluid would have the 
valuo Tj/fTj - Tj) But a part of the 
lover sod Carnot cycle is omitted m 
practice, with tho lesult that the co- 
ofliuent is 1 educed, and the extent of 
tho reduction depends on tho nature 
of the fluid , it is greater m carbonic 
acid than m ammonia 

To cany out a reversed Carnot cycle 
completely, with separate organs for 
the successive events which make up 
tho cycle, would require 

(1) A comp] ession cylinder m which 
hhe vapour is compressed, fiom the 
pressure corresponding to T 2 , to the pressure 
oonoHpondmg to T\ 

(2) A condensei m which it is condensed 
at T a A typical feum of this oigan would 
bo a suilaco condcnsoi m which the working 
fluid gives up its heat to circulating watei 

(3) An expansion cylinder m which it 
expands from T x Lo T 2 

(1) An evaporator in which it takes up 
hcMit at T x fiom tho cold body fiom which 
heat is to bo exti acted This vessel is some 
times called the “ lofugoiatoi ” 

Tn neatly all reliigorating machines the 
expansion cylmdei is omitted for reasons of 
practical convenience, and the fluid streams 
fiom (2) to (t) through a throttle valve with 
an adjustable opening, called the “ regulator ” 
or “ expansion valve ” In passing tho ex 
pauston valve the piossmo of tho working fluid 
falls Lo that of tho evapoiafm , its tempera 
tin o falls to T 2 and part of it becomes ovapor- 
ated before it "begins to take m heat from the 
cold body. 


The omission of an expansion cylinder, with 
the substitution fur it of an expansion valve, 
simplifies the machine, but it mtioduces into 
the cycle a definitely meversible step It 
thoieby reduces the coefficient of performance 
for two reasons The work which would be 
recovered m the expansion cylinder is lost , 
and also the refugeiating effect m the evapor- 
ator is reduced, foi more of the liquid is 
vaponsed m the act of streaming through the 
expansion valve than would be vaporised m 
adiabatic expansion, consequently less is left 
to be evaporated by subsequently taking m 
heat fi om the cold body The loss of efficiency 
from these two causes is not, however, very 
impoitant under ordinary conditions If the 
expansion cylinder were retained as part of 
the machine its effective volume would need 
adjustment relatively to that of the com- 



Pig 2 — Organs of a Vapour-compression 
Refrigerating Machine 

pression cylmdei, m order to secuie the best 
results under varying conditions as to the 
limits of tempeiaturo Rather than intro- 
duce this complication, it is woith while to 
make the slight sacrifice of thermodynamic 
efficiency winch is involved m letting the com- 
pressed fluid pass back to the low-pressure side 
of the apparatus through an expansion-valve 
instead of through a cylinder in which it would 
clo work in expanding to the lower pressure 
In the usual type of vapour-compression 
refngeiatmg machine, accordingly, the expan- 
sion cylinder is omitted, and the organs are 
those shown diagrammatically m Fig 2 
They are (1) the compression cylmder B , 
(2) a condensei A such as a coil of pipe 
cooled by circulating water, m which the 
working substance is condensed under a rela- 
tively high pressure and at the upper limit 
of tempeiatuie T x , (3) an expansion-valve 
or regulator R through which it streams from 
A to 0, (4) the evaporator C, m which it 
is vaponsed at a low pressure by taking 
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m heat from the cold body at the lowei limit the vapour 01 wet mixtuie m the cylmdei 
of tompeiatme The evaporatoi may foi until its pressuie becomes equal to that m A 
instance be a coil of pipe fixed in the cold This compression reduces the volume of the 
chamber (generally near the ceiling) and fluid m the cylmdei to V a The valve leading 
taking m heat from the surrounding atmospheie to A then opens, and tho back stioke is com 
of that chamber, often it is a coil placed pleted under a uniform pleasure while the 
m a tank and surrounded by cold circulatmg working substance is discharged into A and 
. . brine which serves as a condensed there The valves ol the com 

*2 vehicle for convevmg heat pressor aie spring valves which open and close 

~ ^ \ t j0 the working substance automatically m consequence of the changes 

N. f rom a cold chain in pressuie, and aie situated m tho covei of 

>s n s _^ her or from cans the cylmdei m such a mannei as to make 
> f the clearance negligibly small Eoi the same 

reason the ends of tho piston are 
Vj often cuivod These features aie 

— — * — > . TT— illustrated m Fiq 4, which is a 

sectional drawing ol an ammonia 

' * compression cylinder showing tho 

Fig 3 — Indicatoi Diagram of Compression Cylinder foim of the piston and the arrange 

ment of tho admission and delivery 
for ice-makmg or other objects that are to be valves at each end To complete the cycle, 
refrigerated - the same quantity of woikmg substance is 

The action of the compression cylinder allowed to pass directly fiom A to 0 through 
is shown by the indicator diagram, Fiq 3 the expansion valvo R 

During the forward stroke of the compressor The temperature T x at which condensation 
the valve leading to A is shut and that leading takes place is m practice necessai ily a good 
from C is open A volume V ± of the work- deal higher than that of the circulating water 
mg vapour is taken m from G at a uniform by winch the condenser is kept cool, for a large 
pressure eoirespondmg to the lower limit T 2 amount of heat has to bo discharged lrom the 
In most actual cases what is taken m is not condensing vapour in a limited time But it is 
dry saturated vapour but a wet mixture, the important that the condensed liquid should be 
wetness of which is regulated by adjusting the brought as nearly as possible to tho lowest tem- 
* expansion- valve R This is m order that tho perature of the available watei supply befoio 
subsequent compression may not produce it passes the expansion- valvo, though it may 



Fig 4 —Section of Ammonia Compression Cylinder 


much, if any, superheating It is possible to have been condensed at a considerably higher 
make the compression wholly “ wet ” by temperature, and sometimes a supplementary 
taking m a sufficiently wet mixtuie more vessel called a “ cooler” is addedfor this purpose 
generally the expansion-valve is adjusted so The complete vapour-compression cycle is 
that the vapour is moderately wet to begin exhibited m the entropy-tempeiature diagram 
with, and becomes slightly superheated by of Fig 5, which is drawn for ammonia as 
compression At the end of the forward working substance, and Fig 6, which is drawn 
stroke the valve leading from C closes, and for carbomc acid There dq and ch aio 
the piston is forced to move hack, compressing portions of the boundary curves of the liquid 
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and the vapoui m the satin ated state The 
point a leprescnfs the condition of the mixture 
which is diawn into the compiesbion cyhndei 
when compiession is about to begin , its 
wetness is measuied by the latio ah/qh The 
line ah repiesents adiabatic compiession to 
the pressure of the condenser The ne\t 
piocess consists of cooling and condensing 
at this constant pressure , it is made up of 
tliice stages, be, cd , and de In the first stage, 
be, the superheated vapoui is cooled to the 
tempeiatuio at which con- 
densation begins , m the next J 

stage, cd, the vapoui is com- - 

pletely condensed , m tho 
thud stage, de, the con- 
densed liquid is cooled to the 
lowest available tcmpeiature 
bofore it passes the ex- 
pansion-valve The hnes 
6c, cd, and de foim parts 
of one line of constant /. 

pressure In the diagram 9 J 
for ammonia, Fig 5, de is Pig 

practically indistinguishable 
fiom the boundary lino, but m the diagram foi 
carbonic acid, Fig 6, the distinction is very 
appaient because we are theie dealing with a 
liquid that is highly eompessible l n con- 
sequence of its nearness to the critical state 
The Ime ef represents the process of passing 
through the expansion-valve, in which the 
pressure falls to that of the evaporator This 
process takes place too quickly for any sub- 
stantial amount of heat to entei the fluid from 


the amount of heat tiken m fiom the cold 
body, is represented by the area undei the 
Ime fa, measuied down to a baseline corre- 
sponding to the absolute zeio of tempeia- 
ture (see “Thermodynamics” (24) and 
(42)) 

The amount of heat rejected dining 
coohng and condensation of the 7 

vapour and subsequent coohng of 
the condensed liquid is the area 
under the lines be, (d, and de 


a h 



-The Vapoui -compression Cycle, using Carbonic Acid 

outside , consequently ef is a line of constant | The lino be 
total heat, for m a throttling process tho total 
heat I doos not change (“ Thermodynamics,’ 

§ (32)) As a result of passing the expansion- 
valve the working substanco comes into tho 
condition shown by tho point / The pro- 
portion which is conveitod into vapour by tho 
act of passing tho valvo is shown by tho ratio 
gf/qh Lastly, we have tho piocess of effective 
evaporation when tho substanco is usefully 
extracting heat from the bnno or other cold 
body, by evaporating m the rehigorator This 
is represented by tho line fa, during which tho 
dryness changes from gfjgh to qajqh 

The refngoiatmg effect, that is to say, 


■The Vapour-compression Cycle, using Ammonia 


The thermal equivalent of tho work 
spent m carrying the working substance 
tlarough the complete cycle — which is simply 
the work spent on it m the compressoi — 
is the difference between those tv o quantities 
It should be noted that the work spent is 
not measuied by tho area abedefa, enclosed 
by the hnes which represent 
the complete cycle, because 
the cycle includes the n- 
leversible step ef In conse- 
quence of that the woik 
spoilt is gicatei than the 
enclosed atea by tho aiea 
undei tho line ef 

When cai borne acid is 
used as the woikmg sub- 
stance, the temp ei atm e of 
tho cooling water may be 
. so high that tho picssuio 
\ fi dining cooling is above 
tho cubical picssiuo This 
case is illustrated m Fiq 7 
thon becomos a continuous 
cuive lying entirely outside of the boundaiy 
curve The woikmg substance passes fiom 
the state of a superheated vapour at 6 
to tho state at e without any stage corre- 
sponding to cd m Fig C, m which it is 
a mixture of liquid and vapour As 
befoie, tho iefngeiatmg effect is measuied 
by tho area under fa , the heat i ejected to 
tho coohng water is measuied by the aiea 
under be tho diffoioneo between these two 
quantities measures tho woik spent, and is 
grcatoi than the area of tho closed hguie 
abefa by the area under the inovcrsiblo 
step ef Even when the temperature of 
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the cooling vater is above the critical 
temperature, a substantial amount of re- 
frigerating effect is obtained, though the 
theimodynamic efficiency of the cycle is 
less than when the upper limit is low 
enough to allow the compressed gas to become 
liquid 

In all these vapour-compression cycles the 
conditions are to some extent ideal, for it is 
assumed that the compression ab is adiabatic, 
and that in passing the expansion-valve the 
substance takes m no heat by conduction 
Cinder these conditions the refrigerating 
effect, the work of compression, and the 


§ (3) P"RPi'Oiuvi VNC’h oil 1 a Muslim, Tim 
coefficient of peijonmtme, which is tho i.iho <>| 
the heat taken m horn the cold bud} to tho 
work spent m the compiossm, is 

lr-1, 

1 1) “ I t t 



Fig 7 Cycle for Carbonic Acid, with Compression above the Cntical 
Pressure 

heat rejected may very usefully be expressed 
as follows m terms of the total heat of 
the substance at the various stages of the 
operation 

The refrigerating effect, that is to say the 
amount of heat taken in from the cold body, 
is I a — Iy, where is the total heat at a and 
1/ is the total heat at / This is because the 
(reversible) operation fa is effected at constant 
pressure For the same reason the amount 
of heat rejected to the condenser and cooler 
is 1/ -I e , where those quantities designate the 
total heat at b and at e respectively Further 
since m the process ef of passing the expansion ’ 
valve there is no change of total heat, I,=I 
We may therefore state the amount of heat 
rejected as I^-Iy, 

Again, the work spent in the compressor 
is (in thermal unite) l b - 1„ It ls the thermal 
equivalent of the area of the indicator diagram 

m 3 ’ nam % AjfVip, which U equal 

Xwl\i by the g f, neral Principle proved m 
thermodynamics, § (38) 

theSe r< f“ lts are m agreement with one 
by f“ slde rrtig the heat-account 
of the cycle as a whole 

Work spent =Heat rejected -Heat taken in 
Ii-I “ = &-!/) - 


Hence estimates of poifounanoo nin t\m\ 
when wo can hud the total bout of Uio liquid 
just befojo the expansion- valve, and that 
^ of the vijioui boloio 

and afloi com pi os non 
These quantities a to 
most leadily luimd b\ 
lopiosoutmg tin* o\<he 
piooess on a JUolhoi 
chin t of ontiopv t/i anti 
total boat 1 Ini Uio gt\ on 
woiking substance Emily 
conqilote data ato a vji li- 
able for ammonia, oar homo 
aad, and Hiilphutmm acid, 
and l <j> (‘lnuts for those 
Hubstunoos will ho found 
m a Repot t of Uio Uo» 
fugoiatmn Roseau h Com- 
mittee ol the luHtilution 
ol Moehameal Engineem 
(Min Pun hnst Muh 
JSntj , Oet LOU) 

In drawing such charts 
a gemnotneal device is io 
sorted to foi the pmjmsoof making thodiagianiH 
at once open and compact, with the olloi t that 
measurements maybe made with Hultioiont uo- 
cuiacy on a chait of reasonable si/e This 
device, which Mollmr ongmally adopted m 
drawing his I </> cluut for caiboiue acid, is Jo 
use oblique co-ordinates The Jiuoh of constant 
I are horizontal , the hues of constant ,/>, instead 
of being perpondiculax to thorn, are me imed at 
a small angle Tho result is that when the 
chart is drawn the etuves on it mo H hoim d 
over, as compared with the form (hoy nouid 
have on a chart with rectangulm axes, and 
there is a gam m olearnoHS and m the prc< ls « m 
with which one may measure the changes of 
total heat that occur m tho several stages u f 
the vapoui-compiossion process. Piq 8 slum h, 
on a small scale, an l<p chart, with oblnmo 
co ordinates, for ammonia, and Pkj 9 slums 

one for carbonic add Linos „f 
pressure and lines of constant tomporatuio me 
drawn and, m tbo wot log, on liiof "f , 
stentdryness (Of “ThormodymuniCH,” ( J, 

In each case tho region usoful m rofngo, Uum 
s 1 f olU i ded ’ and m » tho region oxu'.uIh 

sunwf 10 ! 6 “ d below tho t ’ ntlcal l«>mt On 
such charts it is easy to draw tlio ideal flmgrn m 

for any assigned temporaturos of ovanornLon 
condensation, and subsequent ooohng Zl I n 
any assigned wetness at the beginning of com- 
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>n, and in that way to find giaphically 
liangos in the total heat w Inch determine 
lount of the refngeiating eflect and the 
'cut of performance 
10 lllusiiates how the ideal action of a 
’-compiession lefngexatmg maclune is 


ia about to enter the compressoi This point 
is on the constant pieasuie line conospomlmg 
to the process ot c vapoiation m the ovapozatoi, 
and its distance fiom the two boundary eui ves 
corresponds to the piopoition of vapour to 
liquid m the mixtuio If the completion 



l (, iu 8 — Molliei I <l> Cluit foi Ammonia (oblique eo-oulinatcH) 


rated on the 10 chart In this example 
diking substance is caibomc acid, 
wci limit of tempoiature at which 
xtion occurs is supposed to bo ~ 10° C , 
oipeiatuie of condensation is 25° 0 , 
d condensed liquid is cooled to 15° 0 
xt stroams through the expansion- 
Tho eyelo begins at. the pomt a, which 
tats the state of the substance when it 


is to bo completely “ dry,” the starting point 
will ho at a x moio generally the Rubsianeo 
is slightly wet when completion begins The 
straight lino ab } drawn parallel to the lines 
of constant entropy on tho chart, is the pi oeess 
of adiabatic compression Tho position of b 
is dotermmod by the intersection of this lmo 
with a line of constant piossuro corresponding 
to tho known uppci limit of piossuro at which 



refrigeration 


condensation is to occur The temperature 
““td m the process of compression is seen 
by the position of b among the lines conata ^ 
tempeiatuie When compiession begins at 
a point such as a it involves some superheating 
But if the mixture is so wet to begin with tha 
the adiabatic compression line through a does 
not cts the boundary curve before the upper 
limit of pleasure is reached, there is no supei 


zontal straight lino th.ough « (a lim ‘ , 

total heat) icpicBonts the pmccsM .•ft' " 

thiougli the expansion- vaUc, mul 1 
i nomt L on the ovapondion hut, 
exhibits the condition ... which the mil. « 

enters the ova, in. atm The p.occss ol . i 

tion fa, which is tho cilci live 'cln'Oi.itin 
piocess, complotes the cydo " 1 

I„, I,„ I„ and lj (which is the smite «■< 1,1 


of/yrHisY 0 9 



Fig 9— Molher I<f> Chart for Carhomc Acid (oblique ccwmllnimfO 


heating, and m that case the process is spoken 
of as “ wet ” compression This would require 
the compression to have begun at a c instead 
of a By beginning at a it carries the substance 
into the region of superheat before compression 
is completed at b Next we have the constant- 
pressure process of cooling and condensation 
and further cooling, represented m its three 
stages by the lines be, cd, and de, the position 
of e being fixed by the temperature to which 
the liquid is known to be cooled before it 
reaches the expansion-valve Then a hon- 


road directly by moammmicnt fiom l lit* <*h«uf» 
and from them tho work spent in e<nui»»e mtm 
the substance, which is I f<l unit (In* 
lefngerating effect, which ih I <e I /# nu* 
determined Tho position of the stalling 
point a, between a ( and a v> winch detnmmtH 
how far the compiession will bo uol «»i ih\* 
does not greatly affect tho Ihermod yimnut* 
efficiency of tho process Between fhe H\«* 
extremes there is a eoitam dogico nf nut ml 
diyness which gives a slightly highiu 
efficient of performance than is obtained ei I her 
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by starting as at a t with cliy vapoui oi as at a c 
with a mixtuie so wet that compiession does 
no moic than vaporise the liquid it contains 
The position of a for maximum efficiency may 
be found thus The lefugeiatmg effect fm 
any position ot the compression staitmg point 
a is pioportional on some scalo to the length 
fa The woik spent m compiessmg the 
fluid is pioportional, on another scale, to the 
length ab Hence the position of the com 
piession lino ab which will give the highest 
coefficient of peiformance is that which gives 



the smallest ratio 
of ab to fa This 
position is found 
by drawing a 
tangent from / to 
the curve of con- 
stant pressure 
dtby The com- 
pression kne ab 
is then drawn through the 
point of contact b, and this 
fixes a as the starting point 
foi maximum efficiency m 
the ideal cycle with adiabatic 
compression 

It does not follow that the 
same dogiee of initial wet- 
ness would give the maxi- 
mum eoelheient m a leal 
compressor, foi the per- 
formance of a real machine is complicated 
by transfers of heat between the working 
substance and the metal In general such 
transfers will bo less when the working suh- 
stanco is diy ( )n the other hand, with a wot 
mixture, what is called the volumetric efficiency 
of the apparatus is gi eater, since a laigei 
quantity of the working substance passes 
through the maohmo for every cubic foot swept 
through by the piston, and this tends to 1 educe 
the proportion of those losses that arise from 
mechanical fnction, and from radiation and 
conduction between the apparatus and its 
environment 


Tia 10 


Incidentally, Fa/ 10 lllustiates the loss of 
lefugeiatmg effect that would result from 
omitting to cool the condensed working fluid 
down to the lowest available temper atuic 
befoio it passes thiough the valve If instead 
of being cooled to 15° 0 it woie allowed to pass 
through the valve when its temperature is 
still 25° C (the temporaturo of condensation), 
the operation of passing the valve would be 
shown by tho line df (l , and the process of 
effective evaporation would begin fioin tho 
state f d instead of the state / 

Whatever be the working substance, an 
essential feature of any vapour compiession 
refrigerating machine is that tho vapour must 
bo pumped up from the low-pressure region 
m which it has been evaporated to the high 
pressure region m which it is to be condensed 
Rut this pumping up may be effected m more 
than one way The usual way is by means 
of a cylinder and juston, and so long as the 
vapour pressuie is moderately high the use 
of a compressing piston is quite satisfactory 
But when the vapour pressure is very low, as 
it would be if water wete used for the working 
substance, the volume to be swept thiough by 
a compiessmg piston would be so laige as 
to be veiy inconvenient, and the amount of 
work which would be wasted thiough fnction 
between tho piston and cylinder would be an 
excessive addition to the legitimate work of 
compression Not only would tho machine 
be exceedingly bulky but its piaciicai efficiency 
would bo exceedingly low At 0° C , for 
example, the density of water vapour is so 
small that about 365 cubic feet of it aie 
lequxred to absorb as much latent heat as one 
cubic foot of ammoma-vapoiu Ilonco to use 
water- vapour as a refngciating agent somo 
apphanco must be rosoitod to which will 
avoid the bulk and factional waste of an 
ordinary compiession pump One Buck apph 
anco is an o|ooloi oi jet pump, m which an 
auxiliary stioam of vapoui, supplied at a 
compai a lively high pleasure, forms a motive 
jet which drags with it tho vapour to bo 
“ aspirated,” namely the vapoui which has 
been fonned by evaporation at low pressure, 
so that both pass oil together to bo condensed 
An independent supply of steam at a higher 
pleasure fm ms the motive jet It acquires a 
high volocity m a discharge nozzle of the type 
which fust converges and then diverges The 
low pleasure vapour to be aspirated is allowed 
to ontei tho nozzle, from tho side, at the 
reduced section, where the velocity is greatest 
and the piossuio is least Tho jot communi- 
cates some of its momentum to that vapour, 
and the mixed stream passes on to the con- 
dense] thiough the divergent channel, losing 
velocity and gaining pressure as it goes 
This enables the pleasure of tho working sub- 
stance to rise from tho lower limit at which 
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the aspirated vapour is formed to the higher 
limit at v Inch it is condensed In refrigeiat- 
ing machines constructed to act in this way 
the quantity of vapour in the motive jet is as 
much as thiee or even five times the quantity 
that is aspirated The thermodynamic effici- 
ency of the method is found on trial to be 
onh moderate, but the apparatus has advan- 
tages m point of simplicity and m the absence 
of any working substance other than water 
It has been applied not only to cool water, 
but also to maintain a temperature consider- 
ably below 0° C , in which case bnne is sub- 
stituted for fiesh water as the working sub- 
stance whose vapour is aspirated, and the 
cooled brine is prevented from becoming too 
dense by systematically returning to it enough 
water to compensate for the evaporation 
*5 (4) RErniGER ition by Compression and 
Expansion of Air — So long as the working 
substance m any refrigerating machine is a 
vapour which becomes liquefied duung the 
operation, it is practicable, as we have seen, 
to dispense with the expansion cylinder The 
step down in temperature, which occuis while 
the substance passes the expansion- valve, is 
an example of the Joule-Thomson cooling effect 
of thiotthng (see " Thermodynamics,” § (150)) 
This effect is large when the substance is 
a mixture of hquid and vapour It is also 
large m a gas near its critical point, and hence 
a machine usmg carbonic acid under tiopical 
conditions can be effective without an ex- 
pansion cylinder although the substance may 
not have been liquefied under compiession 
A gas near its critical point is very far from 
perfect and does not even approximately 
conform to Joule’s Law A gas which con 
forms to that law would suffer no step-down 
of temperature in passmg an expansion-valve 
\|ith a gas such as air, which is nearly peifect 
at the temperatures and pressures that occur 
m ordinary refrigeration, the step - down 
would be too small to serve the desned purpose 
Hence with air for working substance an 
expansion cylinder becomes an essential part 
of the machine Refrigerating machines 
winch use air, and cool it by means of expan- 
sion m a cylinder in which it does work 
against a piston, are amongst the oldest 
elective means of producing cold by rnecham- 
cal agency They are still used for the direct 
cooling of the atmosphere of cold stores, but 
their use is now less common, because machines 
in which the working substance is a condensible 
vapour are not only more compact but give 
a better thermodynamic return for the work 
spent in driving them Historically, refrigerat- 
ing machines which use air are important, for 

sto^e by f C iL SUCCeS3M use tha * toe cold- 

3 ™ “~" i “ d ““ b ““» 

cargoes overseas* 


f (Ml 


l 

« "Id, 


The an machines which nio m 
use opeiato by taking in a poll ion 
fiom the ohamhoi that is io bo k< pi 
compicflsmg it mom oi loss mhsbitn iH\ 
with the ichuU that its iomptsutuio i v * « 
considerably above that of Iho ,ul tlilr* 
watei supply, thou o\tia<tmg hoo( limn if 
m the compiosscd state by moans oi < u* id it 
mg watoi, then expanding ii in a < v hn* l«*i m 
which it does weak, with the icsuli that il 4 
initial inoasuio is uisioiod ami its tom pm atm*’ 
falls gieatly below the uni ml tompmafmo 
If is then lotumod into iho aimosplimo of 
the cold ohamboi, with \\huh it hum m lb** 
object being either to lower the tom pm it me 
m the chamber or to keep if fiom rising thnomh 
leakage of boat from outside 'Phis t\j»* n 
known as the Boll-Cukmmn an -machine 
As appliod to the cooling oi n rhnmhti 
such as a cold flint o or the hold of a -'hip* 



conveying refrigerated 


Coolar A 
Fig 11 — Organs of an Ah mm bine 

the apparatus takes the form slioiwi clmimtM- 
matically an Fu, 11 |„ the phase ..I «u 

shown there tlio piHionB mo moving Imtimk 
the left Air from tiro cold oltumher f i< 
emg drawn into the oompioHHion ovlutihi 

M In the lotuin stroko it will bo enmpi 

trom one atmosphere Ui abmil, four, mlh iho 
reno J ha< \ lt,s temperature may ho mmoit (,, 
130 C or higher It ih delivered mo lor U,m 
pressure to the ooolor A, where d, gives tin hi it 
to the circulating water and eonies down t,, 
near atmospheric tomporatui e. HI lion > m 
still at high pressure, to the evpausmn ovlm-h i 
N. where it does work m expanding down In 

an d K Pl i 6amr ° ° £ a1 ’° Ut “““ ... 

and thereby becomes very cold, multure' . 

temperature of perhaps -00” C! or 7t ) l '( ■ 

in which condition it is returned in iho < ,,hi 

ehambei An ideal indicator diagram h.i 


the whole cycle is 


givon in Jf, g 12, u lime j, /„ 


an°d lT^k a ° tl0 S ° f 4,10 com preHHum eyhn.h , 
and eadf shows that of iho c ' * 


Tbe area abed measures thaTcst Mnount* 1 ' ' 
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nclecl In the diagram the 
•xpansxon aio both treated 
lie volume of A as well as 
d to be so Luge that during 
js pressure does not sensibly 
for the specific heat of 
ssuie, and T a , T h , T 0 , and 
Lure of the working an, at 
d d of the diagram, we have 
i the heat 1 ejected to tho 
i Qe=K/T t -T d ) foi the 
heat usefully ex- 
ti acted fiom the 
cold chamber 
Tho net amount 
of work expended 
is equal to 



V 

Diagiam ot Air machine 


icient of performance is 
the ratio of tompeiatuics 
mansion of a gas depends 
x.es, 


which 


T, 

t 6 -t :r% 


Qe _Tc__ 

Q v ~ Qu T\ — T 0 


rToimance is low because 
of temperature through 
ani is earned For this 
'vuso of greatei fnctional 
machine gives xosults that 
Y with those obtained by 
iRion 

tir -machines the presence 
Tbe reckoned with The 
> cold chamber is moio 
dng expansion it becomes 
10 watei from it would be 
tlie expansion cyhndoi, 
with the action of the 
mtivc dovices weie not 
3I1 device is to divide 
ito two stages by making 
first stage the expansion 
tough to cool the air to 
1 30 vo tho fieozmg-point 
T all tho moistuio is 
of watei, and is oasily 
tlio final stage, which 
ins Another dovice is 
r of tho moisture hefeue 
ig tho compressed air 
1 diymg pipes, which 


hung its iempeiatuie down to non tho 
freezing point befoic it enters the expansion 
cylmdei 

(5) Direct Application op Heat to pro- 
duce Gold Ab&oiption Mailnneb — As was 
mentioned at tho beginning of this ai title, 
m some lcfngeiatmg appliances tlieio is no 
application of mechanical power the agont 
is heat, which is supplied from a high 
tempeiatuie source, and is employed m such 
a way as to cause another quantity oi heat 
to pass from a cold body and to bo discharged 
at a tempeiatuie mtei mediate between that 
of the cold body and tho hot source Such 
machines act by the absorption of one sub 
stance by anothex, to form a solution 01 
compound, and the subsequent separation of 
tho constituents by the agency of heat In 
such machines the efficiency of tho action 
from the thermodynamic point of view is 
measured by tho heat latio Q^jQ, where Q, is 
the heat extracted fiom tho cold body, and Q, 
is the high -temperature heat which is supplied 
to cairy out tho operation 
A typical example is the ammonia absoi p- 
tion lefrigeiatmg machine, in which tho 
vapour of ammonia is alternately dissolved 
by cold water under a relatively low pressure, 
and distilled from solution in water under a 
relatively high piossuie by the action of heat 
The ammonia vapmu driven oil bv applying 
heat to a solution, is condensed m a vessel 
which is kept cool by means of circulating 
water In this way anhydi ous liquid ammonia 
is obtained at high pleasure, winch (just as 
m a compression machine) is then allowed to 
pass through an expansion -valve into a coil 
or vessel forming the evaporator A low 
pleasure is maintained in tho evapouitoi by 
causing the evaporated vapour to pass into 
another vessel, called the abaci bet, whom it 
comes into contact with cold water m which 
it becomes dissolved When tho watei 111 tho 
absoi boi has taken up a tmflicicnl proportion 
of ammonia, it in turn is heated to givo oil 
the vapoui again uncloi lngh pleasure In the 
simplest loim of tho apparatus tho same vessel 
serves alternately as absoi boi and as gonoiator 
or distiller Fm continuous woikmg thero aro 
separate vessels, and the nth solution is 
transferred from the absorber to tho generator 
by a small pump, while the watei from wlueli 
ammonia has been expelled flows hack to the 
absoibor to dissolve more ammonia Tho 
scheme of such an apparatus is shown diagram- 
matieally in Fiq 13 Heat is applied to the 
solution m the generator by means oi a steam 
coil Tho gas passes oA at top to tho condenser, 
then through the expansion or regulating valvo 
to the evaporator, and then on to tho absoibor, 
wheio it meets a cm lent of watei or very 
weak solution that lias come over from tho 
bottom ot tho generator Between tho 

2 Y 
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geneiatoi and absorber is the mterchangei, It is obvious that a bcttei thermodynamie 
a device foi economising heat by taking it result would bo attainable if the process of 
fiom the water that is letuimng to the absorption of the vapoui woio attended by ihe 
absoi bei, and giving it to the noh solution givmg out of less heat than is equivalent to 
that is being pumped into the geneiatoi This the latent heat of the vapoui itself I Ins is 
uch solution is dehveied at the top of the the case m a pioccss patented bv Mi W W 
column m the geneiatoi , as the liquid parts Seay, m which ammonia vapoui unites with 
with the ammonia it becomes denser and falls ceitam anhydrous salts, for which it has 
to the bottom, wheie it escapes to the absoi her much affinity, such as the sulphooyanido of 
through an adjustable valve When water ammonium (NII4G.NS), oi the mtiate, bromide, 
absorbs ammonia a large amount of boat is or iodide Any one of those salts forms a 
given out Hence tlie absorber as well as the suitable absoi bent The ammonia vapoui 
condensei has to be kept cool by means of unites with the dry salt to form a liquid 
circulating water 01 otherwise Under the solution, from winch the ammonia vapoui 
most favourable conditions the quantity of can again be driven nil by the application 
heat which such a machine takes m flora the of heat, leaving the salt diy and ready to 

1 1 u, Um U’lwi 
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FIG 13 —Organs of an Ammonia Absorption 
Machine 

has to bo supplied, for it needs a greater: 
number of thermal units to separate ammonia 
gas from solution m watei than simply 
to ovapoiate the same amount of liquid 
ammonia 

I11 another typo of absorption machine 
water vapour is tho substance which is 
absorbed it is taken up by sulphuric acid, 
from which it may again be separated by tho 
agency of heat Such a machine has been 
used fox ico making, tho evaporation of part 
of the water solving to freeze the rest In 
this case also tho heat ratio, namely, tho ratio 
of heat usefully oxtraetod to heat supplied, 
is less than unity, for it takes moio heat to 
separate tho vapoui of water from a sulphuric 
acid solution than fiom pmo water It is a 
familial fact that when watei is mixed with 
sulphuric acid muoh boat* is given out 


strictly anhydrous, foi no water is piosont 
the walking substance at any stage The 
heat given out duimg absorption of the 
ammonia vapoui by the salt is substanimlly 
loss than the latent heat of tho vapoui itself 
at the same pressuio, foi part is taken up 
m liquefying the salt Snmlaily, the Ik at, 
required to clioet a separation of ammonia 
vapour from tho salt is substantially less 
than the latent heat ol the vapoui, loi part 
is supplied by the solid ihcatron of tho salt 
Consequently, when this pioccss is made use 
of foi the pin pose of leiiigeiation, tho ratio 
ol the heat which is extracted fiom the cold 
body to tho high temperature heat, winch is 
supplied to tho generator, would bo greater 
than unity, it it were not foi such losses as 
occur through impel lection 111 ihe working 
Practical difficulties in the use of such salts 
anso from tho fact of their turning solid 
diumg tho operation, and h om their tendency 
to act ohonucftllyon tho metal of coni tuning 
vessels 

Any appliance for tho production of cold 
by tho agency ol beat requires a supply of 
boat at a temperature higher than that of 
tho sunoundmgH There are neuminly 
tlnoo temperatures to be considered (I) tho 
low temperature T,» of tho cold burly from 
which heat is being extracted * (2) the inter 
mediate temperature r [\ of the available 
condensing water or other “ sink ” into winch 
boat (’an be 1 ejected, and (11) the high 
temperature T of the soul re fiom which heat 
is supplied to jiorfoim the operation Any 
such appliance may bo regarded as equivalent 
to tho com lunation of a motor, m heal ongmo 
driving a refrigerator or heat-pump ( Af/. 14 ). 
A quantity Q of high temperature heat goes 
m at one place, and thereby cause's a quantity 
Q a of low- temperature heat to go in at another 
place Heat is rejected at lire intermediate 
temperature T 1} and tire heat so rejected is 
equal to tho sum of Q and Q g , for no walk is 
done by the appliance or spent upon it as a 
whole, This description applies whether tho 
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pptumce 13 actually a raoehanicai combination 
a heat engine with a heaf pump, oi is an 
isoiption machine with no conversion oi 
\it into woik and woik mio hc.it In oithm 
so wo have to con si del what is the ideally 
eatcst latio of the low tompoiatmo heat 
,, which is ex tx acted fioni the cold body, to 
e high tompeiatuie m driving heat Q, when 
o tine© lempoi atm es T>, r i\, and T ate 
signed 

Suppose, hist, that the machine consists 
a peifect (levoisible) heat engine duvmg 



rfoct (lovoraihle) heat-pump Then it is 
to calculate the iatm of the heat ovtiaeiod 
i the heat supplied Q Wntmg W fox the 
equivalent of the wotk developed m the 
engine and employed to duve the heat- 
>, wo have 

w-= Q(T fJ T Tl) , 

the heat engine ih lovorsible Agam, 
the heat pump ih also lovorsible, 

w „Q a (T t -T 2 ) 

T # 

Q a T.fT-T,) 

Q 

gives the roquu cd ratio of hoatn 
EfFTDIFNOY OF AUHORPTrON PllOOmmB 
importance of this insult lies m the 
at no othoi method of applying heat to 
o cold can give a lughm iatm oi T 3 
the tin co temperatures T, T x , and Q 2 
assigned To ptovo this, imagine the 
ation of reversible hoat-ongmo and 
ile heat pump to be rovorsod , it will 
v© out an amount of heat equal to Q 
hot body and an amount equal to Q a 
old body, and it will take m an amount 
o Q+Qa itom the mtcrmodiato body 
It will still develop no woik as a 
loi require work to he spent in driving 
igmo further that between the hot 


body and the cold one them aio two appliances 
winking — both using the same mtei modulo 
tompeiatuie — one oi whuli is Huh levejsod 
combination, and Ihe nihci is a lofiigcsainig 
machine (such as an ibsoipiion machine) whoso 
efficiency we wish to compare mill that of 
the comhmatjon Then if it were possible foi 
that machine to have a highei cdheiency than 
the combination, it would extinct mmo heat 
than Qj, fiom the cold body foi the same 
expenditure oi high-tom poi atm o heat ( v > 
Hence, when both woik togothoi, namely, ihe 
combination woikmg iovoihcm! and the othoi 
machine woikmg ctnec l, the cold body would 
lose heat while on the whole (he hot body 
would lose none In oihei wolds, wo should 
then have an impossible insult, namely, a 
simple transfer ol heat, by a purely sell -act mg 
agcno>, fiom a told body at T a to a wanner 
body at T 1} the inter mediate temper atiuo 
The agency would be well -acting m the' House 
of being ae tinted by no foim oi enoigy, 
mechanical, tliei mal, oi othoi Such a result 
would ho a violation of tho Second Law of 
Thermodynamics The c one lusion ih that no 
moans of employing heat to pioduce cold, 
whothei directly as m an ahsoi ption machine, 
or mclneetly as m a compiesnum mucluuo 
driven by an engine, can be men o ('ihe lent (ioi 
the same tliieo lomper atm oh) than the com- 
bination oi a joveisiblo heat-engine driving a 
rove? Slide heat-pump Hence tho expression 

Q 2 _T/r-T,) 

ft TCP X -T,> 

measures the ideally gi eatcst ratio of heat 
oxUaotod to boat supplied Any ion! appliance 
will show a smallei hcat-i atm m consequence 
of rrxovotarblo featuies m its action 

It is instructive} to conmdei tins action m 
relation to tho ontiopy of the HyHtem as a 
wholo 8 o long as tho action ih completely 
lovorsible, the cntiopy of tho Hystem docs not 
change Tho above expression may be wiitlcri 
m the fonu 

T 2 )-J(T T,), 

fiom winch — L^*- ™ I ?, J . 

* l L J 2 

This expresses tho conseivation oi entropy 
for tho complete lovomblo operatron, Tho 
ontiopy of the Hystem as a wholo does not 
chango, foi the team cm the loft is tho gam 
of cntiopy by tho body at T 3 to which heat is 
xo, jootod, the two ioi ms on tho light are the 
losses of ontiopy by tho hot body and cold 
body lospoctxvoly The wholo action may bo 
regarded as a transfer ol entropy hom two 
sources at T and T 2 , to an intermediate sink 
at r P 3 So long as the action is levorsihle this 
transfer occurs without affecting the aggiegate 
entropy, but if it is not completely level Hiblo 
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the asm restate entropy will increase, m that 
c* w the tei in on the left becomes gieatei 
than the sum of the terms on the nght 

A tram, the equation shows that, unde 
reiernhle conditions, the product of the 
entiopv lost by the hot souice (through the 
removal of the heat Q) »to the drop m tem- 
perature which that heat undergoes, namely, 
from T to T,, is equal to the product of the 
entopy Tostby Z cold body mto the me 
of temperature of the abstracted heat Qa 
Each of these pioduets is m fact a measure 
of W the woik which the heat-engine produces 
and the heat-pump consumes m the ideal 
combination of reversible engine with reversible 

^mechanical analogue to tins thermal 
operation is obtained if one thinks of a machine 
for lifting watei in a bucket from a low level 
to an intermediate level, tty letting water 
come down m another bucket from a high 
level to the same inteimediate level It the 
buckets are connected by fnctionless pulleys 
the opei at ion is mechanically leversible Let 
H H Ho represent the height of the high 
level, the intermediate level, and the low level 
respectively, above any convenient datum 
Ie\ el Then the eneigy equation is 


M(H — Hj) — ^2(^-1 “ -®a)» 

^here 31 is the weight of watei that comes 
down from H to H 1? and M a is the weight of 
water that is hfted from H 2 to On 

eompirmg this with the above equation for a 
corresponding reversible thermal process, it 
will be seen that the analogue of weight of 
water is not quantity of heat, but entiopy, 
namely, the quantity of heat divided by tho 
temperature of supply 

The reversible thermal operation may be 
represented by means of an entropy tempera- 
ture diagram (Fig 15) There the area aboil 
represents the heat which is supplied at the 
high temperature T , and the aiea abed re- 
presents the work which would be done m 
a perfect heat-engine by letting down that 
quantity of heat from T to the lower level 
T L Between the given levels of temperature 
T x and T 2 draw a rectangle defy w r hose area 
is equal to the area abed > and produce ef to 
meet the base line for zero temperature m m 
Then the aiea fgnm represents the refrigerat- 
ing effect, namely the heat extracted from 
the cold body at T 2 The amount of heat 
discharged at the intermediate level T 1 is 
equal to the area ecom, which is equal to the 
sum of the areas abort, and fgnm 
§ (7) The Refrigerating Machine as a 
Means of Warming — In any such appliance, 
whether reversible or not, the quantity of heat 
delivered at the intermediate temperature T\ is 
greater than the quantity supplied at the higher 
T by the amount of the heat raised from the 


low temporal'll o T„, 

seen, he nun h gu-alm V\m Im »• !«’ 

of an rntPiostinf? Hin>''('slum »><« 1 , , 

m 1852, that m tlu* ««*««•*« " " “ /, 

ho theimally mow oo.mo.mo, I . I* » 
boat got ii om burning <"»l "> 1,11 ; . 

way Man to diHoh.irge i( mto <li« " " 

warmed Tho Iho.modv.uumn ui . o . hi ' 
tonypeiatuie boat is wivsloi I i 1 ’ 

dnectly 1o ontci a enmpmnliM'll ."hi u 
lnoo y That value «..«ht bo Ml-. «« . . yl 

by employing the high loo *« " 

pump up mnifi lw.it, taken m u ' * 

outside atmonphoi c\ In the lew! in whu h i ' 
room is to be wanned By umtm, im example, 
tin efhoiout steam -engine 
to drive an rfhnent bent- 
pump, a small qmmtd\ <>t 
heat supplied at a hndi 
tempaatuto will sufheo to 
jaiso a mut h gi enter 
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quantity of heat through the small mii ** ?b t 
la loquued, and consequently to * 

much gioatoi wimnmg etle* l Burning, if i 
supply of j)owei hum any sumeo **% *•<! 
able as a means of wanning in a nimbi »m* 
tcmpoiatuio, it will be 1 timed In hettei at* 
lor that purpose ii wo set it to dme a In ii 
pump than if we sun ply mi\t it it mt*» be it 
Koi methods ot ptoduuny extreme <«*M 
m a gas, by the oumuhitne use **f the 
Thomson ooolmg effect m pawing n tbndib 
valve, in (onjunetion with a ihmmd uiIm 
changer which enables the ntjoum of pui 
has passed tho valve to extinct heat fmtM tb« 
stream that is still cm its \ui) to the miU**, 
soo thoaihele on “ Liquefaction of 
that article, ns m this one, tin* vwpet 
followed tho hues of treat merit dtnntop**! m 
his hooks on Thmutuhintamt v fa # tt ,j 
and The Mtchanuitl Pvoduvtmi \>fi'M 
Umv Press), to which rcfmmte «tu«uM l»r 
made for further purlieu has. 
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Refrigerators, Specific Heat of Liquids 
used for, detoi mined by the olootneal 
method See “ Galoiimotiy, Blectucal 
Methods of,” ^ (7) 

Regenerative Cooling See “ Gases, Lique- 
faction of,” § (1) 

Regenerator, Stirling’s and ErrjssonN 
See “ Thermodynamics,” § (27) 

Regnault, 1801, compaiod gas thcimometois 
with secondaiy standards ol tom poi.it mo 
m xange 500° to 1000° See “ Tempera- 
ture, Realisation of Absolute Stale of,” 
§ (39) (v ) 

Experiments of, m determination of Latent 
Heat of Steam See ** Latent Heat,” 

§ (1) (i ) 

Regnault’s Law See “ Engines, Thoimo- 
dynamics of Internal Combustion,” § (lb) 
Reheat Factor See “Tin bine, Dovclop- 
ment of the Steam,” § (16), “Steam 
Turbine, Physics of,” jj (8) 

Reservoirs for Storage of Rainfall Sec 
“ Hydiaulics,” § (19) 

Resistance, Varying Circuit, Compensation 
for, m tomperatuio mdicatois of the miJh- 
voltmeter type See “Thermocouples,” (8) 
Resistance Bridges for Tiiehmomktrto 
Work See “ Resistance Thormometeis,” 
S(7) 

Resistance Coefficient, Non Dimensional, 
for the Motion of a Body through a 
Viscous Fluid See “ Dynamical Simi- 
larity, The Principles of,” § (19) 

Resistance due to Fluid Motion over a 
Soltd Boundary Sec “ Ruction,” § (13) 
Resistance Manometers, Hlectkigal See 
“ Pleasure, Measiucmont of,” £ (13) 
Resistance of Solid Bodies when towed 
in Fluids See “ Faction,” § (14) 
Resistance Thermometer 
Standardised at 0°, 100", and 4 M 5° O , given 
tempciatuios identical with the gas scale 
u]> to 1080° C See “ Resistance Thcumo- 
meteis,” *5 (18) 

Standardisation of, foi tomporatiu os up to 
600° Seo tbui § (14) 

Used to determine Low Tempomtui ch, by 
Holborn and Wien m 1901 See (bid § (3 7). 

RBSISTANCH TH HRMOMKT F RH 

§ (1) Historical — The foundation of a 
method for tlio measurement of tempeiaturo 
based on the change of loaistanee of platinum 
is due to Sir William Siemens, who m 1871 
constructed a practical form of pyiomoter on 
this principle He also devised an ingenious 
form of resistance badge, with the object of 
3limmatmg uncertainties due to change m the 
resistance of the loads, consequent on the 
variations in the depth of immersion of the 
pyrometer stem m the liot logion 
The constructional details of the early 


093 

8 lemon pyiomotois mom* misutislut (nt Tho 
phitmum wne was wound on a pipeclay 
cylinder and ( nclosed hi i luhc of w loupht non 
A committee of the Bnfiah Assoualmn, 
appointed m 1872 7 5 to test fh( mo p\ lomctois, 
made mi unhivnuiahle lopmf, on then pei- 
mauenev, mid Jm some )oit,s <Iih method ol 
temporal mo measuiemeiit foil mio disuse 
Professor A W Williamson, ( 'limi iimii of Hie 
Biitish Association Gnnmutlee, suggested Hint, 
the changes m the tesistmuo ol I lio platinum 
weic diu* to the inducing id mo iplioio pmdm ad 
by the highly heated non eimum, uliielt would 
cause the platinum to < nmbine with tt time 

ol the induced silicon taken I Hie pipeclay 

cylinder Analysis pmved the tiuth ol Hus 
theory, and pointed to (he desuuhilHv o{ mi 
oudtsing or mudiai utnmspheio aiotmcl Urn 
j ilnt mu ui w ue 

Hiomotis showed hi Its that a sliealh ol 
platinum eliminated l Ins 
tL cubic, and Pu/ 1 
illustrates lus impiovod 
type of pyiometei 

About Hus lime the 
thorn ion lee tin • me! hod of 
! measuring tern pern tuie 

was being developed uilh 
conspicuous sue cess by Le 
(batcher in Fnuiee and 
Bams m Amenca The 
simplicity ol the thermo- 
element and its duett 
leading indicator as com- 
pared with the resistance 
thermometer ouilits of 
those days, led to iIh 
general adoption in tho 
nuliisti ioh m jueleieneo to 
tho Niemons pyrometer 
Between 1887 mid 1896 
the i esistaneo thcimo- 
metor as a scterddie 
instrument looetvod 
thonmgh study m the 
hands of Cnilendar, 10. If, 

< Inlhths, Heyooek, amt 
Neville, who piovod bo- 
yomt question ils re- 
liability and extreme 
precision when used with 
duo precautions and with appropiiato cicetHoai 
appliances 

§ (2) (JALLMNnARN ItHHlHTANGE TJimiO- 
M ftmr Callcmdar 1 in .1886 made a direct 
do term mat ion of the resistaneo of a purlmular 
specimen of platinum wire at vunons (omperu- 
tuics up to 600° G Tho platinum spmii was 
scaled into a bulb of the air thermometer by 
moans of which the tcunporaturo vivas obtained. 

By tins device Uallemlar avoided one of the 
greatest experimental drib tml ties of (bat time 
1 Phil, Trans, Xloy, Boo, A, 1887, olxxvHL 
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in gas thermometry, viz the maintenance by 
gas heating of a large enclosure at a constant 
and uniform temperature 

( 1 ) The Gas Thermometer — His apparatus is 
shown diagrammatically m Fig 2 The gas 
thermometer was designed for both constant 
volume and constant pressuie work 

Instead of the customaiy practice of con- 
fining the gas by a column of mercury, a 
sulphuric acid gauge was employed, which 
increased the sensitivity sevenfold, and also 
e limin ated capillary errors entailed by the use 
of a small hore tube 

The thermometer bulb was made fiom a 
piece of hard glass tubing, the coefficient of 
cubical expansion being deduced from measure- 
ments on a length of the same tubing as that 
from which the bulb was made It was 


of ticcmuc y attainable m the nb m.iltmi 
(about 1 °), the \auatmn ni rcttMnmo <« 
platinum with tempoiatine < mild be tojnt‘ 
seated by a pai ihnlio toinnda 
(Adlondai mtnxhuod numomTit me uhul 
has since come into gcncinl u,ie 
The platinum hmipoMtuio p( m (Iclim d a * 


wdioio R 0 m the losistamc at <>" (’ , 

Rj ih the lostHlamc a t 1 00" {’ , 

R is the icsmbuu'c at t ' ( ' 

The quantity R t -U u is genotulls iHeiied 
to as tho “ Fundamental Intel wtl 14 {hi ) »*t 
the thoimomHoi 

II o showed that the dillcicmc hit ween flic 
turn tomponituio /, as monsmod b\ iho an 



Leads to 

resistance bridge 

JJL 


observed that the expansion was irregulai, on 
account of the stiuctural and hysteiesis changes 
In the glass 

(n ) The Resistance Coil — The platinum wno 
was 2 metres long by 0 013 cm character, 
wound in the form of a spiral The resistance 
at room temperature was approximately 20 
ohms By an arrangement of double elec- 
trodes (shown in the diagram) the lesistanco 
of the lead -wire outside the uniformly heated 
region could be allowed foi 

One end of the coil was led out through tho 
capillary connecting the bulb to tho manometer 
( 3) A double lead of the same wno, and 
which was coated with, the same hard glass to 
mutate it exactly, was laid alongside The 
other double lead consisted of 10 cm of fino 
platinum wire, to the mid-pomt of which tho 
other end of the spiral was fused The fino 
wires were bent double and fused through tho 
glass, while the projecting ends were fused on 
cm ) platinum wires coated 
^th hard glass and laid alongside the otheis 

Resistance coif and leads 


Fig 3 

The resistance of the leads was determined 

L i n* 01 ’ aud tlle corr » ct ion amounted 
to about 3 per cent of the total res. stance 

the experiments showed that to the degree 
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thermometer, and Mm pint mum It mpeiuhne 
Rt was rcpK'Honfed by the [latatiulir tuntmltii 


l ~pl 




i Villi' (llli))/' 


whole J is the cmninwil, fur Hint p.iilnoilu 
sample of wire aud uboso mtmmrnl m,Ih. , 
about 1*5 

„J h £ -f Culletuhi 

and (lamtliH showed (1ml, Hun hum 
true for wires of varying degree „f 

when tho appropriate values of th „ 4| , 

wore inserted in the jmmbnlio fnimubi 
In a direct determmnthm of il»* 



In oulcr to determine 1 ! they concluded 

suitable fixed point in conjunction with 
and steam, for calibration purposes, 
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§ ( 3 ) Determinations or the Boiltnu 
point oi Sulphur Subsequent to the wmk 
of Callenddi and Oulhths, numinous dotoi 
initiations of the boiling point of sulphur have 
been made, all of winch have dowdy eoulunicd 
tlie value obtained by these investigators 
In the course of tlicit compa-uson of the 
lesistanee thennometei with the gas tliei mo- 
meter, Haikoi and Oliappuis, and Jlolboni 
and Henning, made some determinations of 
the boiling point of sulphur on the gas boalo, 
employing the resistance thennometei as intei 
mechai y Then values aio indirect, msotmieh 
that the gas thennometei was not dnecllv 
employed to detoimmo the tempeiatuio of 
the sulphur vapour, but aio entitled to itdl 
weight, binee the lesistanee thennometei vns 
dneetly compared with the gas thermometer 
m Scdt batlis, at tcmpoiatuies m the vicinity 
of the sulphm boiling point 
Day and Bosnian (1012) made a diioci de- 
termination of tho sulphur point, using a 

Gas TirmMOMU rut I)i ujuminatlons op ti 


m the i osults obtrinn d bv tho vauous obsei vers 
huu e tin limn ol Reunuult is urn ei land y m 
I ho (oolhuent of tubnal expansion of the 
bulb material of the an thennometei 

Fused (pint/ has (he smallest < oofhuent of 
(-lie materials available Joi tho (ousltmtion of 
the bulb ol gas (hetmnmeiois, and a then mo- 
motet vi(h a bulb ol (bis m derail was used 
by lOumoifopouloH 

Tho value 1 1 ( 5," (1 is, at Mu' piesent time, 
the geneially accepted value tot (he boiling- 
point ol sulphur on (he thermodynamic scale 
m this eouniiy, aUhimgh (be value Ilf «> 0 ° i 1 
is used m America and *1 M f> 6 ° in (<oimnn> 

(I) Purity ok Tiii'Ji iSuuunnt ~ Ordinal y 
eomnuueial studv-sulplmr mniiufacluiod by (lie 
“Chance pinoeuH ” is sal islaeloi y, snue no 
dilleieneebiis beonebset vod between its bmbng- 
pomt and that of highly pm died sulphur 
Usually when sulphur is boiled tor the fust 
(ime volatile impunties distil off A black 
i mil no (KeK) is generally iuund, but m the 

n u BoiiiiNd coin r op Bur mint sinou J890 


Date 

Autlioi 

Tliciiuonu'tei 

(las 

PiesHiuc, 

mm 

Oilghml 
l»’igiiie, ' C 

Theunndywimle 
8t lie, 1 C 

1800 

Callcndar and Guflitlm 

Constant pussme 

An , 

7(50 

M4 53 

T1I 91 

1002 

Oliappuis and Ilaiker 

Constant volume 

Niliogi n 

5, t() 

III 70 

Ml 80 

1908 

EumoifopoiiloH 

Constant piosNuie 

Air 

700 

•Ml 55 

ri 1 1 93 



f 

Hydiogeu 

023 

II J 51 

•Ml 51 

1911 

Uolboin and Denning 

( k»n.H( ant volume 

Helium 

012 

1 M 39 




1 

Nitmgen 

025 



1912 

Day and Bosnian 

Constant \olmne 

Nitiogen 

502 

•hi 1 15 

1 M 55 

1912 

Djiknison and Mudlci 

Constant volume 

Nitiogen 

502 

•IH 2H 

•1 1 1 38 
d 1 1 57 

1 1 1 53 

1911 

Kumoilopoulos 

Constant plowman 

Ndiogoa | 

•ij.5 

792 

1 i l .9) 
rill 13 

1917 

( happuis 

Constant volume 

Nitiogen 

500 f><>j 

Ml 18 

•1 1 1 50 


mtiogon filled tboimometei, whose hull) was 
of platinum lliodium alloy Jt was of 205 e c 
capacity, and the nitrogen was under an initial 
pleasure of 500 mm of men my 
Great precautions woio taken to elmunate 
systematic onois An aluminium shield sur 
rounded tho bulb m the sulphur tube, to 
provont tho condensed sulphur from loweimg 
its tempoi atuie below tho turn bodmg-poml 
To ascoiiam whethei tho tern poi atuie of 
tho walls of the tube had any mlluenee, m 
soino oi the experiments the external jacket 
was heated until the temperature of the air 
gap was as high as that ol the sulphur vapour 
within tho tube Provided tho tube was full 
of vapour, this produced no apparent change 
m the value obtained 

A direct comparison of (ho temperature given 
by tins hum of apparatus with tho Mayor tube 
form of sulphur boiling apparatus (Fiy, 17), 
dovrsecl by Cal lender and GniUths, showed 
a systematic difference of but 0 CM 0 0, 

Tho probable source of tho small divergences 

1 8co also “Temper atiuo, tiealisatlon of Absolute 
Sealo of,*’ & (35) (iv ), 


quantity m wlui li it is generally pioHout Hits 
appears (o have tm mfluoiu e 
ji (5) Vakivtion with Piu-Hsimro ok tjim 
Ikm-INO POINT OK SuLPirtrit r Pho udluoneo of 
pK'Hsme on (he hoilmg-poml of Hulphur jh quite 
otmNidemblo m the ueiuity of 700 nun, mi 
increase of 1 mm. in the barometne height 
raises the boiling-point by approximately 0 00° 
The relation between temperature and press- 
ure over lire range ef importance m pmetieal 
Hoik has been investigated by Hallmm and 
Henning, by Ilaikoraml Nevtnn (1008), and by 
Mueller and Butgess (1010). Tho results of these 
investigators aiom substantial agreement. Oyer 
the range 700 to BOO nun, pressure of mercury, 
(ho relation between temperature and boiling- 
point may bo represented by tiro formula 
t U I 0 0010(p - 700) - 0*0000 lf)(f}~ 700) a , 
whoio l is the boding point at pressure p, 
/* the bmling-polnt at 700, 1 
Tho freezing jrcnnt of zme (410 d° V ) m 
sometimes recommended as a third fixed 
point instead of sulphur. 


1 Tim formula tie copied by the llolclmnnstalt Is 
444 u ‘G5-bO 0008(p - 7 00) - 0 000047(p — 700)“, 
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As the snlphur-pomt is so well established 
and convenient to use, (heie do not appeal to 
he veiy valid reasons foi discarding it m favour 
of a fieezing-point determination 

§ (6) Construction of Piatinum Thermo 
meters — Fig 1 represents the original type 
of high - tempexature icsistance 
thermometer Its chief defects aie 
the considerable lag m its indica 
tions and the liability to contami- 
nation of the platinum wnc duo 
to the fireclay former on which the 
coil is wound 

Callendar and Griffiths devised 
the fotm on which the platinum 
coil was wound on a mica lack 
with leads of heavy platinum vno 
A similai pair of vires to the 
leads, m the form of a loop, 
were laid alongside This loop 
was connected in the opposite 
arm of the budge so as to com- 
pensate foi the resistance of the 
leads to the coil at all tem- 
peiatuies 

Fig 4 filustiates a hermetically 
sealed type of thermometer de 
signed by Professor E H Giiffitlis 
for laboiatory work of high pie 
cision By sealing the sheath it is 
possible to eliminate any possibil- 
ity of moisture condensing on the 
mica and impairing the insulation 
Insulation troubles aie frequent 
m high - resistance thermometers 
unless precautions aie taken to 
prevent access of moist air 

Of the various insulating 
materials hitherto investigated for 
high - tempeiature work, good 
quality mica has proved to bo 
the most satisfactory foi thermo- 
metei construction 
Exposure to a temperature of 
about 1000° C causes dehydration 
of the mica, which m consequence 
becomes silvery white and buttle 
If reasonable care is taken it is 
quite satisfactory m this condition 
(i ) Resistance Thermometers for 
Calorimetric Worl — Foi calori- 
metric work it is desirable to have 
a sensitive thermometer of small 
lag, so that its indication at any 
instant is a true measure of the temperatuio 
of the liquid 

Thermometers of the type illustrated m Fig 4 
are satisfactory provided the coil 13 made as light 
as possible and the sheath of very thin glass 
With the object of i educing the thermometer 
lag to a minimum, Dickinson and Mueller 
have developed the type of thermometer 
illustrated m Fig 5 


Fig 4 


The coil is wound on n ^ IIU<U 



and enclosed m a sheath of stiver tubing 
flattened down to fit it cdoBoly, 
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Eloi 1 in a! insulation is choc ted by tho use 
of skips of mu a somewhat widoi than that 
oil which the coil is wound 

The leads are mule of thin stupa ot coppei 
about one tenth of a nulbmetie thick and two 
or tlueo imllimoties wide 

]f the thennomotei is of the compensating 
load tyjie the compensating loop is dosed by 
a piece of the same platinum who as that of 
which the coil is wound 

All platinum joints aie mado by fusing 
with an aic, using a puio graphite olootiodo, 
wlnlo the coppei platinum joiuts aie made 
oitlioi by wt khng m with silvei, using borax as 

11 ll\ 

In the head of the theimometei a chying 
capsule is aiiangod tout lining phosphorus 
pontoxulo 

(u ) Influent e of the Punti/oJ the Platinum — 
A lanly airmail ide«i of the punly ot the 
platinum wne may be toimed hum a 
considoiatioii of its coelheienlH of losistanee 
The jnuest specimens give vahu s of a ((ho 
mean ooedicient between 0° and 100° <1) as 
high as 0 UOttSh and o about l 50 oi slightly 
less Impute wne, on the other hand, may 
give values of a only 00 pci cent of the above 
and of 5 up to 1 (> 

The paiabolu* foimnla has boon found to 
hold ugoiously when the pimty does not 
vaiy voiy fai JUom the lust-named values 
When a theimometei is constnuted ol lmjmiu 
wuo it is generally lounct that the mo will 
not i cmaiii constant after oxposuio to high 
tom pel atiu os, and consequently the xelnibility 
oi the instillment is iinpaiiocl 
Since only a small quantity of tlio mateual 
is loqmrod, it is advisable to wmcl (he coil 
ol the puiest platinum obtainable The heavy 
wne leads may bo of eommeieially jmie wne, 
Em w oik uj) to tempeiatmes of 500° (1 
silvei loads aie quite satisfactory, piovided 
an mtei mediate piece of platinum is mtioduoed 
between tin* fine wit oh and the silvei, so as to 
avoid the usk of contamination m the auto 
genmis weld mg 

Above ()00 w (* the volatilisation of the 
silver causes contamination ol the platinum 
coil and also deterioration of the insulation 
ol the mica nit L 

(in ) Ted nj Insulation Itcmlance , - Tho 
piesence of nmistiue m the thermometer, due 
to a leak or to exhaustion ol the drying 
maleiml, may oecui r rhe resulting phenomena 
aie very cluu act oust 10 and easily lecngmscd, 
If the budge, with the thermometer in circuit 
and galvanometer ououit closed and a key m 
tho battery circuit, is balanced by adjusting 
lOhistaueo with the battery key closed, then 
on opening tho battery circuit there will he 
a large deflection of the galvanometer, which 
gradually diminishes, and on closing it again 
another largo deflection m tho opposite 


dneetum Tho Ivttei slowly diminishes if 
tho c limit is kept dosed This phenomenon 
is readily distinguished flora that due to tho 
use of an excessive meaHUung cm rent, by the 
absence of the gahanometei deflection m tho 
lattei case when the batteiy eiieuit is opened 
Tho piescneo of moistuio also i educes the 
insulation lesistance between tho coil and 
sheath Tins insulation lesistance is easily 
tested and should exceed 200 megohms 
§ (7) Rests rAM'io Buiimiss adapted for 
Turrmomptiuo Work —The leqmioments of 
platinum themiometiy diflei m many respects 
bom those of ordinal y lesistance companson 
work 

Compensation foi tho losistanio of the 
leads necessitates tho use of a budge with 
equal nitio aim** Anothei icqunoment i& 
that it should bo capable of measuimg changes 
m losisfanco to a high oidei of accuracy Jb\u 
example, a theimometei const meted with a 
losistanee eml of 2 50 ohms at 0° will have an 
mot on so in losistanee of about 1 ohm when 
heated to 100° C Home to measmo tempera 
tines to , l , 10 ° demands lesistance measmoments 
j „ 0 u tli oi an ohm 

In piactieo tins presents little difficulty, 
since balance to the neaiest 0 05 is obtained 
by tho set of coils, and final balance obtained 
by means of a budge wne oi sot of shunted 
coils. 

In resistance thermomotiy* wo aie only 
concerned with changes of lesistance, tho 
absolute value of the unit employed is of 
littlo consequence, piovided the iolativo values 
oi the coils are aicuiately known 
Methods of lalihtatmg tho budge coils and 
wne aie desciibed latei 
Types of JiemlancG Bndqes — (i ) ft lemon d 
Thee lead IhUtje 
— This budge is 
pumauly oi his- 
ioucal interest as 
lopicHontmg the 
first attempt to 
elmmmlo lead io- 
sistanco m plat 
mum tbeimometi y 
work 

Pi(/ t 0 shows tho 
(‘ounec turns 
Tho coils Q and 
iS are the equal 
ratio aims, Tho 
thermometer etui 
P has throe loads 
omm noted m tho 
gram 

Tho load Lj is adjusted in tho construction 
of tho thmnomotor equal to L, When R 
is adjusted equal to P tho bndgo is balanced 
ami tho load resistance completely olimmatocl 
Tho doloot of tins form of bndgo is that a 



Pltl, 0 -“Siemens’ Tliroo- 
leml Uildgo 

lj and S, ratio aims ; I\ 
tlieimometer coil, h a and 
ha, equal loads, 

mannor shown m clia- 
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slide wue cannot be used m connection with 
R to measure minute changes of resistance 
This difficulty can, however, be suimounted 
by the use of a set of shunt coils of the type 
described later m connection with shunted 
coil budges One setting would then deter- 
mine the resistance and hence the tempeiature 
Siemens’ procedure was to shunt one of 
the latio arms and calibrate empirically 

( 11 ) The Gallendar and Griffiths Bridge — The 
connections on this bridge are shown m Fiq 7 
ft was evolved for 
use with the com- 
pensating leads 
type of theimo- 
meter 

In the latest 
type of bridge 
manufactuied by 
the Cambudge 
Scientific Instru- 
ment Co , mercury 
contacts of the form shown m Fig 8 replace 
the usual plugs 

The ends of the coil are soldeied to brass 
posts terminating m mercury cups A 
-shaped bar is earned by a light spring, 




which is depressed when the weighted plug D 
is inserted into the hole G 
In modem i esistance bridges the coils are 
of manganm and immeised ra well-stirred 
oil — a good grade of paraffin oil is quite 
satisfactory foi this purpose 
Manganm has an extremely small tempeia- 
ture coefficient of resistance, and also a very 
small thermal EMJ agamst copper, m this 


respect affording a marked oontiast to 
const intan or euieka, which has an EMF 
of about 40 mici ovolts pei tlegi co agamst 
copper 

Manganm is, howevei, subject to giadual 
changes of resistance and consequently the 
coils lequne calibration from time to time 
Recent experiments by Rosa and by Smith 
have shown that the shellac varnish coating 
of resistance coils absoibs moisture and m the 
accompanying change of volume strains aio 
set up m the ware To eliminate this effect 
of humidity, present day standard coils 
aie hermetically sealed, using moisture fieo 
paiaffin This mode of consti action might 
well be applied to the coils of icsistanco 
budges 

The bridge wire is usually of manganm, and 
both it and the contact makci aio nnmeiscd in 
the oil 

For mdustnal use the sensitive type of 
resistance theimometoi, budge, and galvano- 
meter aie out of the question, and several 
modifications have been evolved with a view 
to obtaining robustness combined with ample, 
if moderate, sensitivity 
In the Whipple indicator the resistance 
box is replaced by a long budge wn e wound 
spually on a chum A sensitive prvoted 
galvanometer is fixed m the top ol the ease 
and balance obtained by rotating the diiim 
The instrument has a scale graduated ditectly 
m °G, and leadings may easdy be taken to 
about J° m the range 0° to 1100" C 

(in ) Calo) met no Budge — Messis Dickinson 
and Mueller have anangecl the equal arm 
budge 1 m a convenient form for ealmimelrie 
work The wmng diagiam is shown m Fig 9 , 
it will be observed that, Avlulo the balance 
of such a bridge is adjustable at thieo points, 
the contact lesistamo at these three points 
are so placed as to have a minimum effect 
upon the accuracy of the budge 
The slido who contact is m senes with the 
battei y The contacts of the rheostats R 
and R x are each m soues with a latio coil oi 
200 ohm** or over, where, oven though < onsidoi- 
able contact icsistanco weie piosent, the 
percentage effect would be small This 
arrangement of tho Wheatstone Budge also 
has tho advantage of maintaining an almost 
constant icsistanco at tho toimmals of tho 
galvanometor for all bridge settings, thus 
maintaining both constant damping conditions 
and deflections proportional to tho want of 
balance foi all bridge settings 

The rheostat R provides foi the adjustment 
of the bridge by coarse steps, tynd the rheostat 
R x by fine steps, while the total continuous 
slide wire is properly proportioned to be 
equivalent m its total to one stop on R x with 

1 Manufactured by the Leeds and Noiilnup 
Company 
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suitable overlap The slide wne consists of tuio duung the tost might icadily lequito the 
eleven turns of manganm wne, wound spirally pint; R to be moved in oxdei to maintain 
on a maiblo cyhmlci, piovidmg in effect a balance To avoid this, the thermometei 
continuous scale 210 inches long Ten turns lead may he connected at T, ohm at th^ begin- 



ning of the test so that the 
balance point will be in the 
lowoi half oi the iheostat R x , 
and a subsequent i ise of 5° C 
may he measuied without 
touching II 

(iv ) Potent loniete) Method 
of meabunnq Resistance — The 
well known potoutiomctei 
method toi cletei mining lesist 
anees, by cumpanson with a 
standaid, has been applied to 
resistance themiomctiy 

The theimoinctei coil lias 
foui leads two cui rent and 
two potential , the cuuentfiom 
a steady batteiy is passed 
thiough a standaid oil nnmciscd 
resistance cod and the theimo 


JTia 9 

ol tho slide wno ate equivalent to one stop of 
the iheostat R x One halt of the additional 
turn is located at the high end and the olhoi 
at the low end of the scale, thus pioviclmg the 
ovoilap for steps oil R t Ono turn of tho 
slide wno is equivalent to 01 ohm oi appioxi- 
mately 1° 0 m a theunometei whose R 0 is 
appioxmutely 25 9 ohms As thoio aio 200 
divisions m each turn, \ of ono division 
(equal to a distance of inch) is appicm- 
mately equivalent to 0001° O The iheostat 
R t is composed of ton l ohm coils and hence 
coveis a tango of approximately 10" O by 
steps of l°(l The iheostat It is composed 
of ten l ohm coils, thus eoveimg a langc 
of 100° C 1 An additional 5 ohm icsistance, 
whoso pimupal fuiutjon is described below, 
extends the uiuge an additional 5° t' , thus 
making tho over-all tango 115° (1 Tho coils 
of the iheostat R t must bo adjusted to an 
aeemaey of 00001 ohm, this being equivalent 
to 0001° 0 m tho lesistanee thermometei, 
home the plug of this decade may be shilted 
dm mg a test On the other hand, tho coils 
of tho iheostat R aio each 1 ohm To adjust 
these to an aeematy of 1)0001 ohm would bo 
useless, since the mangamn will not lomatn 
constant to l0 ' (MI pm cent, which would ho 
the accuracy of such an adjustment Jlonoo, 
tho plug ol tin' iheostat R should not ho 
chstiilmted duung any one test To guuid 
against the necessity of chstuibuig R, a 5 ohm 
icsistaneo, which may bo m< hided in the uicuit 
at will, is cnnnoeled m senes will) the iheostat 
Rj, between tho posts T 0 and T r> , II tho 
initial tempmatuio oi a test icqmios a setting 
in tlio uppei half of tho iheostat with tho 
thermometer lead connected, a rise oi tempera- 


metei coil in senes Bymeatmi- 
mg the fall of potential aoioss 
tho two coiR sepaiatelv, the icbistances may 
bo calculated m tho usual mannei 


(v ) Snath? 9 JJiffe) ence lh idge — In this Jhnm 
of budge the connections aie so ananged 


that by two ob- 
servations and a 
xevei sal of con- 
nections the io- 
sisiance of the 
leads is elmnnated 
without joqiuimg 



absolute equably Flfi 10 -Hnntlrt lWleuaiLO 
of lead lesistanee Budge 


Pig 10 shows 
tho disposition ol 
tho budge con- 
nections foi the 
Inst balance posi- 
tion P is tho 


P, Uusmomeb'i toil, L t » 
cm i out lend, Ij a , potent ini 
lead, b„ pnlcnlm lead, hi, 
uuieid lend R, idjustublo 
ami of budge , H and Q, euu.il 
ratio aims, ®, mciuuy cup 
( oid acts 


thormomolei coil with cun cut lends L t and 
L t and potential leads and L 5 
Q and H mo equal m noaily equal latio 
aims, and R is the 



adjustable aim of 
the budge 
When tho bal- 
ance is ol Rained, 
then 

IM L a -^(R I- LJ 


Rio ii 


Tho connections 


aio then tiansposed by a men my switch, 
so that tho potential lead \i> is disconnected 
ftom R and joined to iS » JL t to R , the battery 
lead from L ± to L 4 , and P and JR aio 
lutei changed 

Pig 11 represents the connections 
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On rebalancing 

P|L 2 = |(R'+L 3 ) 

Now Q has been adjusted during the con 
struction of the bridge to be very neaily equal 
to S, so that we can put 

§ = (l+a), 

where a is a small quantity Then 

P = B + E/ + « jp,_p l ' + L i _L 3 _| a(B/+L 3 ) | 

If Q = S within 2 parts m 10,000, then 
a -0 0002 So that P is equal to 1 (Rh R') 
witlim 2 paits m 100 millions, assuming L 2 =L 3 
If L 2 and L 3 each have a lesistance of 0 1 ohm, 
but differ by 10 per cent, then the error 
introduced by neglecting a and taking the 
equation P = J(R+ R') as exact is equivalent 
to about 0 0001° C on a thermometer with 
P I of I ohm 

The leversals which have been indicated 
above are conveniently made by means of a 
six-pole mercuiy contact switch with connec- 
tions as shown in Fiq 12 Thick copper links, 
a, b, and c, aie attached to an ebonite disc 
movable on a vertical axis The change ovei 
is effected by lifting clear of the meicury cups, 
rotating through. 90° and then lowering The 
second position of the links is shown dotted 
in Fig 12 It is, of couise, easy to anange 



Piet 12 — Uoimections to , Six-polo Meieuiy 
Contact Switch 

Li, Xjd, L a , Li leads to the thermometei coil , Q 
and M, ratio arms , It, variable aim of bridge , 1 > , 
theimometcr coil , a, e, heavy copper links dipping 
into moroniy cups 

for the change in position of the battery lead 
to be made simultaneously by contacts at- 
tached to the same diso 

This bridge method possesses one unique 
advantage, insomuch that it eliminates lead 
resistance without assuming absolute equality 
betwoon the leads On the other hand, it 
suffeis under the disadvantage of requiring 
two settings for each resistance reading, and 
that six contacts have to be broken and made , 
the contact resistances being assumed un- 
changed 

If the leads are made very nearly equal, 
R and R' will only differ by an extremely 
small amount This increases both the speed 
of working and the accuracy, since tho above 
equation assumes reasonable identity m L 2 
and L 3 


Hence the bridge is pnmanly of value when 
working at steady temperatures 
It v ill be obseived that a budge who cannot 
be employed Small changes of lesistance can, 
however, be obtained by means of shunted 
coiR The principle of this method is illus- 
trated by Fiq 13 

The ten coils CP each of 0 1 ohm are in 
series, any number of the coils FF can be 
placed as a shunt across the corresponding 
number of coils m CD by moving the bai AH 
Considei the bar m __ 
the position maiked O 
We have then ten 0 1 
ohm coils shunted by 
ten coils of 9 9 ohms 
each 

So the effective resist- 
ance is 


cf 

I 


n. 


kJ+L 

X 1 h <)9 




Hence 


X— 0 990 


Fig u — D mKt'im of 
Hhunted < kills (Smith 
Hystc m) 


AB, movable cross- 
bar , Cl), coils oL 0 1 
ohm cadi 10 F, slnmt 
t oils (‘) 9 oluns each) 


Suppose now tho bar 
AB is moved to position 
maiked 1 

We have now one coil 
of 0 1 ohm m senes with 
nine coils of 0 1 ohm shunt od by nine ooiN 
of 9 9 ohms 

Hence, if Y is tho eiloctive resistant o of the 
hunted portion. 


0 0 1 8 !) 1 


Y=0 8<)1 


So that the total resistance is given by 
0 1 + 0 891=0 991 Hence moving the but 
one step has mcroased tho lesistaneo by 0 001 
ohm 

Similarly it can bo shown that each stop 
has a corresponding effect, so that tlio anatigo- 
ment is capable ot giving a total increase of 
0 01 ohm distributed over ten stops 
It is obvious that tho studs could bo dis- 
tributed on a circle, so the movement of AB 
would bo one of rotation 
Ftq 14 lllustiatcs the R aim of a budge 
constiucted on this principle (lolls of 0 01 
olim and upwards (apait horn the dials) have 
mercury contacts budged by n shaped puces 
of copper 

The three dials are employed to produce the 
small changes of lesistanco 
The contact -brushes enable one or rnoio of 
the lower resistance coils to bo shunted by the 
higher resistance ones, the shunting producing 
a diminution of tho total resistance 1 


1 As will bo explained later, in constant-current 
bridges the arm It is decreased in resistance with 
increase in resistance of the platinum thermometer 
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This device of shunted coils does not involve 
any gieat accuricy m the adjustment of the 
coil values 

Eoi instance, consider the 0 001 ohm dial 
Nominally the coils composing this dial aio 
exactly 0 1 ohm and 9 9 ohms If, however, 
the coils aio badlv adjusted so that instead 



Fig 14 — Diagram of It Arm of Bridge 
The rc sisttini e t oils m the tin to dials no as follows 
Foi the 0 001 dill ton resistances ol 0 1 ohm each 
and ten ot ( ) 0 ohms each 

Foi the 0 0001 dial tin resistances of 0 0") ohm c ach 
and ton ot 21 l ) r > ohms each 

lfoi the 0 00001 dial 1m resistances ot 0 01 ohm 
each and ten ot 0 00 ohms each 

of a resistance coil being 9 9 ohms, it is 9 05 
ohms, tlie change when this eoii is used as a 
shunt resistance would be five millionths of an 
ohm less than 0 001 

§ (8) Ti< MPioitATrrnE Control — While, m 
work of the highest precision, it is nocesaaiy 
to control the temperature of the budge cods 
wrtlun nan ow limits, a fan degree of accuracy 
may he obtained by applying temperature 
corrections to the end values With mangamn 
cods of good quality measurements can bo 
mule to about l pait m 25,000, if the cod 
temper atm oh are known wutlun 1° m 2°, and 
the indications of a mercury theimometoi with 
its bulb near the eoilh should give tho coil 
tempciatures within tins limit 

For great accuracy the budge must bo 
mounted in an oil (rath and thermostatic 
c emtiol employed A c onvement ar rangoment 
is io have the motor for nteulalmg tho oil 
mounted cm the budge top with its avis 
vetUeal, and coupled a screw propeller working 
m a veitic al tube, winch also contains a healing 
coil The oil is circulated through the tube, 
along the bottom of the box under a false 
bottom, theme upward and past the coils, and 
through the lube again A liquid in -glass 
thermo regulator is mounted on tho lower side 
of the false* bottom 

Resistance measurements on a copper coil 
mounted in tin* bridge similar to the Honied 
cods used lor tin* 10-ohm and 1 ohm decades, 
and arranged so that its resistance could he 
incasuiod with tho budge, have shown that 
in such cods tire fluctuations m the tempera 
lure, as the regulator operated, aio almost 
completely damped out, 


(9) Heating Effect of the Current 
PASSING THROUGH THE TlIERMOMI- TER COIL - 
In order that tho thermometer bulb may be ot 
small dimensions and the tlioi momcti io lag r o- 
duced to a minimum, tho cod must be made of 
wno of about h mils in thamotoi, consequently 
tho heating ellcot of the measuring current on 
the value of the resistance is quite appreciable 
The budge coils aio sufficiently heavy and well 
cooled to make tho effect on thorn negligible, 
hence tho limiting value of the current is 
determined solely by considerations ol the 
thci mo meter cod 

At any given toinpoiatuie tho increase in 
resistance is piopoitional to tho square ol the 
cm rent 

Tho same expenditure of watts at different 
temper atuies does not, hpwovei, produce tho 
same heating effect, since tho iato of cooling 
of a surface by convection and radiation is a 
function of its absolute temperature 

The precise laws governing the phenomenon 
have not yet been investigated, md it is only 
possible to approximate to a constant healing 
effect for all tempoiatuies by keeping tho 
t imml thiough tho theimometoi constant 

Callondar states c< Tho cooling effect oi 
conduction and convection currents m air in 
the thormomotoi tube mcieaaos nearly m pro- 
portion to the absolute tomporatmo Tho 
effect of radiation also becomes important at 
high tempciatures, and the cooling is then 
more rapid If, therefore, the watts are kept 
constant, the heating effect will dimmish as 
tho temperature rises, and a small systematic 
error will ho produced Assuming that tho 
rate of cooling mci eases as the absolute tem- 
perature 0 , and that the watts are kept con- 
stant, tho boating elicit at any temperature 0 
is 27 M/0, where h is the heating eltci t m 
degrees ol tomporatuio at 0 U (1 ” 

This tiam of reasoning led (lallnndai to 
coni hide that a bettor mlo is to keep tho 
< uncut thiough the theimometer the same at 
all tom per atuies, as m that < aso the heating 
ofleit also is nearly constant, if tho cm i cut 
flows sufficiently long lor tho steady state to 
be attained 

Tho table below shows the healing effect of 
tlie measunng ermeut on two thermometers, 
using a euriont of 0 1 amp - a curt out ten 
tunes larger than that customary m precision 
work 


Tempomtuio, 

' 0 

Inclement of Tempentluio 
above Hiuimmilings 
(l)lamoter of Who JCimn.) 

0 

102° 

too 

1 08 

444 0 

185 
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Hence, for the usual value of cunent 01 
amp the use would bo 010°, 017° at 0° and 
100° respectively 

The above values are of course only strictly 
applicable to the particular thermomcteis in- 
vestigated 

To eliminate the effect, the following mle 
has been proposed by Callondai “ Take 
awav onc-thnd the diffeience m reading when 
the battery consists of tuo secondary cells in 
series and m paiallel from the readmg when 
m paiallel ” 

§ (10) Modification of a Bridge to 
obtain Constant Current through tiie 
Thermometer — To satisfy the condition of 
constant cunent through the thennometei at 
all tempeiatures it is necessary eithei to vaiy 
the xesistance m senes with the batteiy accoid- 
mg to a calcuhted table or airange the bridge 
so that the lesistanee of each aim lemams 
constant 

To effect this it is only necessary to make 
the value of the aim It a fixed value gieatei 
than the maximum cvei attained by the thei- 
mometer coil, and then mseit a vanable re- 
sistance (plugs and dials) in series with the 
thermometer to form the othoi aim of the 
bridge Under these conditions an increase m 
resistance of the thennometer coil is counter- 
balanced by a decrease m the vanable resist- 
ance In such a caso the aim R may be 
composed of 3imply one coil of the required 
value 

The system of coils shown in Fkj li is 
arranged for tins purpose 

§ (11) Determination of the Bridge 
Centre — In thennometei s of the compensated 
lead type it is necessary to determine the bridge 
centre from time to time, as this is the base 
point fiom which the icsistance is measured 
Eor this purpose the P A , P 2 and 0^ C 2 ends 
of the leads should bo short-cii eni tod at the 
tbeimometer head Any change with time 
in the icsistance of the flexible leads can 
thus be detected It is scarcely necessary 
to point out that the leads fiom the bridge 
to the thennometei should ho approximately 
equal in resistance and the junctions woll 
made 

§ (12) Elimination of Thermoelectric 
Effects — One of the troubles of precision 
resistance measurements is the thermoelectric 
effect m the cu curls, particularly undci condi- 
tions where there are big temperature gradients 
m the thermometer head The magnitude 
of the effect is readily seon by closmg the 
galvanometer key with the battery oncuit left 
open The galvanometer spot under the 
circumstances will generally take up a new 
position, and the movement is a measure of 
the thermoelectric effects m the system 

It is the piactice, therefore, to work with 
tho galvanometer circuit always completed and 


obseive the deflection when the batteiy cucuit 
is made or reversed 

Reversal of the battery is piefoiablo, since 
this pioceduie tier nuts the heating effect of 
the current on the thermometer to become 
settled, and thus eliminate the initial drift 
when the batteiy is hist made, owing to lire 
heating effect of the cunent on the resistance 

To eliminate induction effect Piofossoi E II 
Griffiths devised a theimoelectnc key In this 
key there is a series of spring tongues ho 
ananged that tho galvanometer (licurt m 
always made When tho key is depressed, 
the galvanometer circuit is broken moment- 
arily, the batteiy cucuit completed, and thcti 
the galvanometer cucuit romade By this 
sequence the galvanometer cucuit is open 
dunng the period the cunent is growing m 
the cucuit, and consequently then* is no in- 
ductive kick of the light spot It is easy to 
ai tango a batteiy reversal key on tho samo 
principle 

The various -junctions and connections m 
the keys aie a fiequont source oi thermal 
E M E , so it is advisable to thoroughly box 
in the entn e key including tho tor minals , 
some observers have even found it dean able 
to lmmeiso tho key in oil with only tho handle 
projecting 

With the non-mductivo windings of tho 
resistance coils now used tho induction offoct 
is usually negligibly small, so it is sufficient 
to have a plain battery lovoisal koy with an 
“ oil ” position 

§ (19) Calibration of Box Coils and Bridgl 
Wire — Foi platinum thermometry work tho relative 
values only of tho coils and budgo wire aio of import 
anco The method of calibration is olowily analogous 
to that employed for tho standardisation of a not 
of weights 

Instead of a thermomotoi a variable ill costal is 
connected to tho L\, P 2 lei minals of the budge Tina 
resistance must ho capable of fine adjustment, a 
convenient typo which can tcmlily be eons! rueful 
is shown in Fig 15 It consists of four dials of 10 
coils each, tho coil values being 0 1 ohm, 1 olnn, 10 
ohms, and 100 ohms respectively A trough of 
mercury with a O shaped piece of copper permits 
of fine adjustments 

The method of construction will bo loathly under 
stood from tho diagram Each coil tei ruinates m 
mercury cups, so that a movement of tho bar outs 
out any number Tho coils of course need not lie 
accurately known 

As an alternative, ordinary 1\0 resistance boxes 
may be used, one box forming a shunt on the other 

This method of suceesBivo shunts is, however, 
rather laborious 

(a) Calibration of the Bridge, Wire, — To tho 
terminals C, G of tho budge is oonneotod a short 
length of resistance wire terminating m two massive 
pieces of copper, which, aio dulled to oontain moiouiy 
oups Then by the insertion of a Pi -shaped piece of 
copper the resistance wuo can bo short on cm ted 
without interfering with its connections to the bridge 
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The lesistanee of the win should be about 1 unit 
of the budge wire 

The vaimble ihcostat is adjusted to bung the 
contact make i to one end of the bridge wire, to 
t licet ibis it will geueially bo necessaiy to withdraw 
a plug from the bo\ 

The budge is balanced m the usuil manner The 
calibrator coil (connected to (\ C 1 ) is then short 
circuited and balance again obtained at a distanco 
about 1 unit nvay oil the budge wire The operation 
should be lopcatcd a few' tunes 

The ihcostat is readjusted so that a new position 
is taken up on the budge who adjacent to the second 
balancing point and the opuation lepeatcd By 
a senes of such steps the entire length of the bridge 
wno may bo eo\eicd 

If wo suppose ) to be the resist anco of the cahbiatoi 
ooii and l±, 1& the lengths of wire coirtsponding to it 
at various points, then 
1 

r cr\ otc 

h 

lienee by plotting graphically the reciprocals of 
l v /„ etc, as ordinates with the mean budge wire 


Assuming coil 1280 to be the highest m the set 
Then wo obtain the following senes of equations 

Coil 1280- (coils 6 fO to 5} — rr 0 
Coil 610- (coils 320 to 5 )= 3 8 
Coil 320- (coils 160 to 5 )=i 7 , etc 

By subtraction — 

Coil 1280 - 2 v coil 640 =i 9 - 
Coil 640-2 cran20=a, 8 - t 7 

to Coil 10 - 2 A coil 5=12-3! 

Now the values of i 15 t.>, i () in twins of coil 

5 aio already known from the previous operations 
m commotion with the budge wno calibration 
jlcnco the values of coils 610 to 10 m terms of 
coil 5 may be found 

Knowing the values of all the coils in terms of 
coil 5, it is then easy to express them all in terms 
of the mean coil, and hence m terms ot the mean 
box: unit, a cone spending coirection being made m 
tho integrations of the budge wire 
It is preferable, howovoi, to express the coils 
m terms of tho international ohm, and this, of 


100 Ohms each 

^ ® > 

i'-® ® - 

*--® : 

r „,® ! c«u. 






10 Ohms each 



1 0hm each 



0 1 Ohm each 
„ wA ij i 
® 

*5'“'® ' % 



Met cm ij trough Shot ten cult bar 


Fig 15 


reading as abscissae, a omvo can bo obtained lojue 
Renting the vaunt ion m resistance jioi unit length 
along tho budge wno 

Tho valuis can bo converted into those of tho 
“mean box. unit” lofeucd to below, by obtaining 
tho i oHistanoo of a length of the budge wno m terms 
of one of the box ooiIh by tlm usual substitution 
method 

(b) Caltht ahan of the liar Coite — For oonvonienoo 
it is assumed that tho coils aio ananged on tho 
binary system, and that tho nominal values aio 5, 
10, 20, JO, 80, d( 

Balaneo is obtained at nny convenient place on 
the budge who by adjustment of tho vn.iio.blo iheo 
stat , plug 5 is timi withdiawn and the change of 
bridge w ue reading toiestoie bn lam e observed Tho 
iheostat is readjusted to bung the balaneo point 
back to apjiioumutoly tho same jiomUon as when 
plug 5 was m, plug 10 is then withdnnvn, plug 5 
instiled, and the ebange m budge wno reading 
obnoi vt d as hofou 

The same pioeedmn is followed until tho dilToionoo 
between tho highesi coil m tlio budge and the sum 
of the senes below is obtained m terms of a length 
of the budge wno 

Let the successive differences m bridge wiro read- 
ings bo x lt 


comse, can be dono by ascertaining tho lesistance of 
a standai cl coil, say 10 ohms, on the budge 

By expressing tho ooils m twins of an absolute 
standai (l it is possible to keep note of the variations 
with time in tho coils 

The same procedure is followed m the calibration 
of a budge fitted with a set of shunted roils instead 
of a budgo wire For the shunted cod dials tho 
ohangoH of the shunted c oils are of far less importance, 
and there is little difficulty m adjusting tliom to tho 
leqmrod digiee of accuracy, 

They ]>oss( rh tho advantage of not bomg subjected 
to wear, as is tho case with a budgo ware 

§ (14) flTATOATtDLSATlON OIP \ BFST8TAN0II1 
TtiREMOMETMt — Foi iompoiaturos up to (>00° 
a platinum icsi stance thoimomotoi is gen or- 
ally standai disod at tho tompomtuie of molt- 
ing ico (0° C ), of tho vapom of watci boiling 
undci normal pressure (100° (J ), and of tho 
vapour of snlphui boiling undci normal pi cssuro 
(444 5°) 

For tho ico-pomt tlio thormometer should 
bo well immoisod m fmoly - oiushed ice 
moistened with water Unless tho thormo 
motel has boon carofully sealed or provided 
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Fig 16 


with a drying tube to prevent access of moist 
air, piolonged exposure to the low temperatuie 
will cause elcctneal leakage owing to the 
deposition of moistuie 
on the mica 

The steam-pomt is de- 
termined in a standard 
form of hypsometei 
such as that shown m 
Fig 16 It is advis- 
able to take precautions 
to prevent escape of 
steam rising aiound the 
head of the theimo- 
meter, as the thermal 
effects produced are 
apt to be tioublesome 
Alternate readings of 
the barometer and 
budge should be taken, 
and coirection made if 
necessaiy for the diffci- 
ence m level of the 
meicury cistern of the barometer and 
hypsometer, if the difference m level is 
considerable 

§ (15) The Sulphur Boiling-point — Ex- 
periments with platinum resistance thermo- 
meters have shown that it is possible to 
measure the temperature of the sulphur boiling- 
point with a precision of a few lOOtlis of a degice 
without difficulty Consequently it is advan- 
tageous to specify the conditions under which 
the sulphur hoihng-pomt is taken, so that the 
point is leproducible to this degiee of accuracy, 
even although its absolute value may not, at 
present, be known to a better than \ of a 
degree During the past twenty five years 
an immense amount of study has been given 
to the sulphur boiling-point apparatus so as 
to ascertam the magnitude and effect of any 
variations m conditions The same precau- 
tions that have been found to be necessary 
m taking the sulphm boiling - point are 
applicable m a lesser degree to any other 
boihng-pomt determmation, but the sulphur 
bo ilin g-point, on account of tlio fact that 
it serves as the third fixed point for do- 
ffnmg the temperature scale between -40° 
and + 500° 0 , has received the most exhaustive 
study 

Callendar and Griffiths, m the course of 
their work on the development of the resistance 
thermometer method, found that the tube 
of a Meyer apparatus was well adapted for 
boding the sulphur See Fig 17 

They also found it necessary to fit the ther- 
mometer with an asbestos or aluminium cone 
as shown m Fig 17 This cone serves two 
purposes (1) It pievents the condensed 
sulphur from running down over the bulb 
and cooling it below the temperature of the 
surrounding vapour , and (2) it eliminates 


direct radiation ftom the bulb b> the enhh i 

walls of the Ui go tube 

They made a careful invest ig i(i«»n m i\u'e 
effects, the enoi 
due to the (list 
cause was found 
to be about 
0 28°, while that 
due to t h e 
second cause 1 
amounted to 
040°, conse- 
quently an un- 
protected thci- 
momolci would 
load noaily a 
degico low m 
sulphm 

IUh o n 1 1 y a 
special Htiul v o! 
the typo of nu tui- 
tion shield to he 

omployc d aiound the tliumonuloi has bun meh 
by Mw lit i amt Huigi hh 

Tlio \aiioiiH XoimH ot slut Ids myeshgUid me mown 
m Fig 18 It was noted that the mm win* Id i, ml In t 
with oi without the lmm dint 1 , gnu pmetieully the 
same value fox the Umpeinlim It wan, lumeut, 
found that when a pohshnl aim Id <4 the simple 
cono ty)>o was UHud the lendings wue 2 low with 
a glass theimometei, and 02 low with a pom lam 
enclosed theimometei This etlu l aim hist ob- 
served by MetHHiiei, and sliowu to be *h p< mb at upon 
the rothotmg powei of (ho minim of the alia Id 
When tlio olummnnn evlmdt i typo win uiipimnl 
with the walls shntply uuiugaltd to lmm a unit i 
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(one UmlirdlA UinbrtflU t nmnlfte Umt'rtflH 
CyllndM Ami tlmAl , <«u . 

And lumlite l mm iUM 

Disc Cylinder litikld 

m J8* 


of wedges, winch is then* fore a good mdnfm, it 
was found to bo as elloolive an tlio other «lu* l«l*u 
Inadotpialo shielding is also usually aeioiupamnl 
by consult a able vauations m lempeuitun, m*me 
tunes amounting to 0 l", when the thumometu is 
displaced vertically, but the aliseuecMtf such vuu»i- 
iion is not nocessanly pioof of adequate sltithlmg 
Nor does it provo tlvat there is no mipi rheatiug 
of tlio vapour, as in one imd-nnee constant tempeiu 
turos woro obseived with a displacement of I cm, 
wlioro, owing to msudleienf depth of liquid sulphur 
in the tube, the vapour was stipei heated about 
0 5° 

Erom their investigation Mueller mul 
Burgess came to tlio conclusion that a wimple 
shoet-iron cylinder fiom Li to 2] em, iuigiu m 
diamotor than the thermometer tube and about 
4 cm. oi more longoi than tlio coil, open below 
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and with an umbrella above, was the most 
satisfactory form oi shield, winch is practi- 
cally the same as that originally devised by 
Callendar and triiffiths The umbrella should 
fit the thermometer tube closely and extend 
beyond the end oi the cylinder, leaving a space 
5 mm to l cm high between the umbrella 
and cylinder for cn dilation of tire vapour 

4) (U)) fcjPLCIT' IC’ATIONS Ol- SuLl’IIUil BOTUNO- 
I’OJNT Apparatus — The following speedica- 
tions proposed by Mueller and Buigoss as 
the result of then experiments are primarily 
dneeted to bo of assistance m obtaining 
standard practice in resistance Ihcimoineter 
calibration 

“1 Boihnq Apparatus — Tlic boiling tube is of 
glass, fused silica, or similar material, and has an 
intern il diameter of not ltss than 4 nor more than 
G om The length must bo such that the length of 
the vapour column, measured from ilio suifaco of tho 
liquid sulphur to tho level of tho top of the insulating 
material surrounding tho tube, shill exceed tho 
length of the thermometer coil by at least 20 cm 1 
Heating is by any suitable heater at tho bottom 
of the tube, and tho arrangement must be such 
that the heating clomont, and all conducting mateual 
m contact with it, terminate at least 4 cm below the 
level of tho liquid sulphur Ti a llamo is allow ed to 
xmpmgc directly on tho tubo tho heat insulation must 
extend at least 4 om below tho lei cl of tho liquid 
sulphur There should ho a ling of insulating material 
above the heater, fitting tho tubo closely, to prevent 
suporheatuig of tho vapour by convection cunonts 
outside tho tube Above tho heatoi the tube is sur 
rounded with insulating material, not necessarily m 
contact with it, and of snob chat icier as to provide 
heat insulation equivalent to a thickm ss of not less 
than 1 om of asbislos Tho length of this insulated 
part has already hem specified Any device used to 
close tho top of the boiling tubo must allow a free 
opening foi erjuilmtion of pnssuio 

“2 Punt)/ of Sulphur — Tho sulphur should con 
tain not ovei 0 02 per cent of nnpuutics It should 
be listed to determine wliothu selenium is present 

“ 2 Radiation Shield — The mdiation shield c on 
sists of a cyhniler open at both ends, and provided 
with a conical umbrella above Tho cylindrical 
par b is to bo 1 5 to 2 5 om larger m diameter than 
tile pxoieotmg tube of tho theiniomotoi, and at least 
1 cm stnalh'i than the inside diameter of tho boiling 
tube The cylinder should extend 1 5 om or more 
beyond tho coil at each end Tho umlnella should 
lit tho theimometu tube closely, should uveihang 
the oylmdei, and bo separated from tho latter by a 
space 0 G to J 0 cm high Tho inner snrfaco of tho 
cylinder must be a poor reileotor, such as sheet non, 
blaolwnod aluminium, asbestos, or a deeply oorru 
gated surface 

“ 4 Pt art dure — The sulphur is bioughi to boiling, 2 


1 This length was nuked at ns follows Tho 
minimum distance fiom tho liquid surface to tho 
bottom of the shield wis taken as 0 cm . excess 
length of shield ovei length of thermometer (oil, 
0 em , distance uv lilable for clispladng thermometer, 
0 cm , minimum distant e from top of shield to love 1 
of top of insulation, l> cm 
a If tho Milphm has been allowed to solidify in 
the bottom of tho tubo, it must bo melted from tho 


and tho heating is so regulated that the condensation 
line is sharply defined and is l cm oi more above 
the level of the top of the mmhting material The 
thei momoter, c nelose el 
m its shield, is instated 
into the vapoiu, taking 
care to have tho ther- 
momeici coil properly 
located with icspect to 
tho shield, and tho 
thermometer and shield 
centred m tho boiling 
tube After putting tho 
then momoter into tho 
vapour, time must bo 
allowed foi tho lino of 
condensation again to 
icach its proper lc\ol 
Simultaneous readings 
of tho temperature and 
barometno piessuio me 
then made In all cases 
caro should bo taken to 
in ovo that tho tem- 
poiatme is not affected 
by displacing tho ther- 
mometer 2 oi 3 cm up 
oi down fiom its usual 
position 

“G Computations — 

Tompoiatures 1 aic cal- 
culated fiom tho press- 
mo by use of the formula 

lz=4 hi (j0° 

| 0 Ohio ip - 760) 

- 0 000049 (/)- 70 0) s 

If necessary, account 
should bo taken of any 
difference in pressure 
between tho levels at 
which tho thoimometor 
bulb and tho open end 
of the baromotci io 
speotively aro located 
Pi casinos aio to be ox 
pressed in the equivalent 
imlhmoties of meiouiy at 0° and undoi fibmdtud 
gravity (<7«=*980 GOG) ” 

Example of Method oj Redaction of Obsei rations 
taken m the Standardisation of a Platinum Thum- 
meter — Tho resistance observations wtio cot looted 
for the mors of tho coil values, tho tempera turn, 
and tho value of tho budge oonlio deduct'd 

Tho Ksistanco at tho tempoi atuio of melting mo 
was 2G7 916 units 

lop downwaids, to avoid In caking the tube A 
botlei pioccdmo is that m ommended by Bo they 
namely, on completing work with tho appaiatus, it 
is turned so that tho tubo makes an angle of 30“ 
or less with the hoii/ontal, so that the sulplmi 
on solidifying extends along tho aides of the tubo, 
in which position it may be melted down with less 
danger of breaking tho tube Kvcn when the pro- 
cedure ic (’ommended is followed, breakage ot tubes 
may bo l educed by eaiofully melting lire sulphur 
fiom the top downwards over a Bunsen burner before 
applying heat to it in tho apparatus 

“ International ugieomonl has not vet boon 
nri ived at ns to the value to bo asciibcd to t bo sulphur 
boiling xioint 

2 z 
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In stcim the lcsistance was 357 953 
Tlie barometric height during the steam point 
observations was 7G6 26, and the temperature of the 
mercury column and scale 17 55° (J 
The baiometnc height has to be reduced to that 
corresponding to a column at 0° m latitude 45° 

Tables are available for this reduction in the case 
of standard types of baromcteis possessing a brass 
scale, such as the Fortin type 
The correction for temperature in this case is 
- 2 19 mm , while the latitude correction is approxi 
matcly +0 45 for places on the parallel thiough 
London Hence the corrected value of the pressure 
is 704 52 at 0°, latitude 45° 

The boiling point of water under a pressure of 
704 52 mm is 100 1654° C according to Broch’s 
recalculation of Rcgnault’s observations 
Hence increase in resistance for a temperature 
change from 0° to 100 1654° 0 =100 037 units 
To obtain the value of the FI the resistance at 
100° 0 is required 

5R for 0 1654= a 0 1654x0 985=0 163 

100 1654 

[The coefficient 0 985 is the value of (A pt)/A(l) 
near 100° C for a thermometer of 5 = 1 50 The 
general formula is 

( A ^L fi *2t-10°\“] 

A (ij \ 10,000 J J 

Hence R i00 =357 790, 

so that R 100 - R 0 sF I =99 874 

The resistance in sulphur was 679 165, and the 
haromotnc height 766 23 at 17 5° Correcting for 
temperature ( - 2 19 mm ), and latitude -I 0 45°, 
baiometnc height at 0° and latitude 45° = 764 49 
mm For tins pressure the boiling point of sulphur 
at this temperature is 444 94° C 
The platinum temperature (pt) corresponding to 
the above value of the resistance is 

670_1 M-257 _91_Q 

99 874 ’ 

so that t-pl~£4:l 94-421 78=23 16 
Now 

[ (l6o) 2 ~ I5o] = 15 347 for 94 

Ilonce 5 =ifl| =1 51 

§ (17) Determination oip Low Tempera- 
tures BY MEANS OP RESISTANCE TlIERMQ 
meters — Ilolborn and Wien m 1901 extended 
their previous compauson betwoon the gas 
and platinum thormometers between 0° and 
500° C , by malang comparisons at - 78° 0 
and - 190° C , temperatures obtainable by 
the use of solid C0 2 and liquid air The coil 
of the platinum thermometer was enclosed 
within the bulb of the gas thermometer, so 
as to minimise the erroi due to the slowly 
varying temperature They found that the 
parabolic formula obtained by standardising 


m ice, steam, and sulphur vapom i epic sent ul 
the gas scale between -78° and 500° (* , but 
below -78° 0, deviated, the divergence 
amounting to 2 3° at - 190° C , the platinum 
theimometer leading too low 

Travers and Gwyei, m 1905, made compari- 
sons at the same two temperatures with 
improved apparatus of greater sensitivity 
They found the dopaitiuc of the platinum 
thermometer at - 190° V to bo 2 23°, a value 
in close agreement with that of llolbom and 
Wien 

Jlennmg, m 1913, earned out a detailed 
investigation ovet the tango 0° to - 200° (J 
The compauson was eilectod between the 
hydrogen gas theiraomotoi and a number of 
platinum theimomoteis constuuted oL wire 
of varying degiees of punty The lowest 
tempeiaiuics wcie obtained by means of 
liquid an baths, while tlio intermediate 
points weie obtained m a bath of alcohol oi 
petroleum ethei cooled by liquid an 

His experiments showed that the parabolic 
formula was not valid below -40°C, and, 
moreover, that platinum thermometer s con- 
structed of wires of varying punty were not 
consistent, but gave results dilfcrmg by as 
much as half a dcgieo when immersed in the 
same hath, if the obseivations were i educed 
by the parabolic formula obtained from the 
ice, steam, and sulpluu points 

lie found, howevoi, that the scales of two 
cMeiont thermometers could be connected 
over this lango by a formula involving only 
one constant, and that the constant could be 
determined by a compauson oi the thermo 
meters at a single temperature 
Thus, if platinum temperatures ft' and pt 
are deduced fiom observations with two 
thermometers compared at the same tempera 
tuic, the following empirical relationship holds 
good 

pi* - pt — cpl(pl - 100 ) 

The constant c may he obtained by a 
comparison of the tw r o thermometers at one 
low lompciatuio, as, for example, in a liquid 
air hath. 

Although the above formula would appeal 
to lequue for its evaluation the use of a 
standard platinum thermometer whose sealo 
has been directly compared with the gas 
thermometer, it is possible to utilise Ileimmg’s 
data by making the assumption that lus 
gas thormomotci would give the accepted 
value ~ 182 9 6 ° G for the boiling point of 
oxygen 

The curve m Fty 20 is plotted from data 
given by Ilennmg for Ins stamlar d Dior- 
mometei, whoso a was a -0 0039150 and 
5 — 1 484 

Hence, if a platinum thermometer has to bo 
calibrated down to low temperatures, it is 
only necessary to determine tho resistance 
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in ice, steam, sulphui vapour, and boiling 
oxygen 

The dcpaiturc of the scale at the oxygen 
point can then be eompaied with Henning’s 
value at t — - 1 82 0 5 ° C 



J?IG 20 — (Jmvc plotted fiom Henning's Bata foi 
Ins btandaid Thermometer 


In the table below the values oi a , 5, and c 
aio given hu tho vanous platinum thoimo 
motei s 1 os tod, and it will bo observed that 
there is no obvious connection botween c and 
the 6 of the paiabnlie formula 


100a 

8 

e 10- 

0 38024 

1 510 

-0 08 

0 18871 

1402 

-I 0 00 

0 991 11 

1 491 

1 0 00 

0 90132 

1491 

10 11 

0 39150 

1 484 

0 

0 30! 14 

1 480 

-0 10 

0 19 M3 

1 482 

( 0 10 


^ (18) l ( ]vrim'(iUTiON op* a nh Noalm of tub 
3h vtinum Thermometer. ion tiie Deter 

Ml RATION OT? II XU H - T EM VERATHRE MElTiNG- 

poiNTS — Tho work of Heycock and Novillo 
immediately followed that of tlioir colleagues 
Calloudai and (hdhths, and was pumardy 
doeetod towauls tho deloimmation of tho 
flooding points of metals and their alloys 
To measuio tompciatuics in the vicinity of 
1000° (', it was necessary to extrapolate tho 
paiabohe foimula over a nngc of 400° C , 
since at that time thoie weio no reliable 
dctoi munitions of tho melting-points of metals 
m terms of tho gas scab’ 

Eor example, gold, a metal obtamablo in e 
aba to of high purity, liacl, according to Baras, 


a fioczmg point value of 1093° C This was 
dotennirud by means of a platinum vs 
platinum -indium couple calibrated m tei ma 
of a gas thermometei Holbom and Wien, 
at tho same time (1892) and employing an 
almost identical method, obtained the value 
1072° C , a disci epancy of 21° 

Hoycoek and Neville investigated the 
freezing point of gold among those of otliei 
metals, and ilion woik showed that it gave 
a sluup, well defined transition point winch 
renders it an excellent “ fixed point ” fox 
calibiation purposes 

Employing tbonnometeis constructed of 
who of vanous degieca of purity and i educing 
the observations by tho paiabohe formula, 
they obtained the values given below 


Eri r /rNo point op (for i> Purity 91) 95 Plr Oi nt 


T hei momctei 
Number 

Platinum, 
Tempera- 
tme n (’ 

8 

d=t-pt 

°0 

re 

13 

908 7 

1 500 

159 2 

1061 9 

15 

852 9 

2 (HO 

208 3 

1061 2 

18 

900 7 

1 571 

180 7 

1061 4 

13i 

903 9 

1 553 , 

158 0 

1061 9 

14 

907 7 

1 511 ' 

154 3 

1062 0 


Weigh led mean 

1061 7° 


This value fot the ficc/mg point of gold is 
m close agreement with tho leccnt doteimma 
tion of Hay and Mosul an, 1 0b2 4° (J 

A oompaiiBon of tho most xeliable iccent 
determinations of tho fioczing-pomts of the 
motals, expiesscd on the gas thennometer 
scale, with those obtained pioviously by 
Heycock and Neville piovea conclusively that 
tho resistance tlieimomotei standardised at 
0°, 100°, and 144 5° V will give temper atmes 
identical with the gas scale up to 1080° 0 , 
within tho limits of oxpoumental on or to 
which the gas thoimometoi stale is known 

This is iuithoi confumed by several dnoct 
comparisons between tho resistance thoimo- 
molor and tho gas thoimometoi over tho same 
range 

The application of resistance thermometers 
to the determination of high- temperature 
iioezo points is an operation which requites 
considerable cure if results of the highest 
ordoi oi aeeuiaey aio desired 

Tho thoimomoloj usually has a bulb of 3 
to 4 cm m length and enclosed m a heavy 
poi colam sheath t'onseq uen tly it is uocessa ry 
to allow for a depth of mnneision of from 6 to 
8 cm m tho motab Eurtlior, the rate of 
cooling should be slow, to dimmish possible 
error due to lag Heycock and Novillo state 
that tho freezing point of gold could bo icad 
to jJj 0 without difficulty In a study of the 
oHoot of high temperatures on the constants 
of platinum thermometei a they found that 
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the hrst few heatings to 1000° 0 increased 
both the R 0 and the El Tins effect they 
ascribed to the thickening of the mica plates 
aftei expostue to the high temperature and 
the consequent straining of the line wire 
when the coil cools and the wire contracts 
on to the larger frame 

They concluded that the constants should he 
detei mined befoie each temperature measure- 
ment of importance, and, provided the leads 
had been well annealed originally, that these 
constants should be used m calculating the 
temperature, regardless of what the values 
of the constants might be after the expen- 
ments A thermometer should of course be 
thoroughly annealed befoie standardisation 

§ (19) Kelvin Double Bridge Method — 
Tn oidei to overcome the difficulties associated 
with the use of fine wire thermometers at 
high tempera- 
tures Northrup 
has proposed the 
use of low-i osist- 
ance, heavy-wire 
thermometers 
with the Kelvin 
double bridge foi measuring the lesistance 

As is well known, the bridge connections, 
due to Lord Kelvin, shown m fig 21, are the 
best arrangement yet devised for measuring 
a very low lesistance The bridge is balanced, 

when v 

__X 

S 

The first two terms being made equal by 
construction, * 

x=?s 

b 

With these bridge connections it is stated 
that 0 01 ohm can be measured to the same 
piecision as 100 ohms by the ordinary budge 
arrangements By taking advantage of this 
budge as a reading device a high tempoiaturo 
thermometer of robust design can he con- 
structed 

The lesistance coil is m the foim of a 
small spiral supported by two mica washers 
The curient and potential leads are of a cheaper 
grade of platinum In fact, it is a positive 
advantage to have the potential leads of an 
impure platinum, because of its low coefficient, 
which may be about 0 6 that of pure platinum 
The comicc Lions, as arianged for measuring 
a number of theimometeis, aie shown m 
Fvj 22 

To mcasuie a temperature with tins arrange- 
ment, the terminals p, p' are moved by a 
switch to the potential terminals of the 
thermometers to be measured, while the 
thermometers to the right of the one being 
measured are cut out of circuit by y, which 
keeps the resistance of the “ yoke ” low, as 
required by theory A balance on the 


galvanometer is obtained by moving the 
plug N and the slider 8 The slide wnc on 
which 8 moves would consist of a substantial 
manganm wne lying over a scale, m uked oil m 
degrees centigrade, if it is desired to make the 
bridge direct reading The only uncertain 



Fm 22 

element m tko method is the possibility of tho 
ratio a/b and ajb v Fig 21, becoming variable 
m an unknown way through a change m the 
resistance of that portion of the potential 
leads which lie m the thermometer Lube This 
uncertainty, however, is practically avoided 
if the resistance a is made sufficiently high 
Calculation shows that, if a is chosen as high 
as 250 ohms, the maximum trim from this 
cause will not exceed 0 1° C The lesistance 
a may, however, bo as high as 1000 or even 
5000 ohms, thus practically reducing the on or 
to zero 

The necessity of having n high icsislanco 
in the ratio coils requires that tho galvano- 
meter used shall liavo a higher sensibility 
than can be obtained m a portable) ponder 
instrument There are, however, available 
several vory convenient forms of semi-poi table 
suspended-coil types oi galvanometers, having 
an attached telescope and scale which aio 
amply sensitive for tho purpose 

§ (20) Recording Resistance Pvromi'TEr 
— In industrial work it is frequently neccHstuy 
to have a continuous record oi tho temperature 
of a furnace or lain during tho course ol a 
complete run To meet these requirements 
Callcndar dovised lus automatic resistance 
budge winch gave a graphical reeoul of tho 
position of the bndgo-wiie contact maker on 
a clockwork duven drum 

In the design of the instrument innumerable 
difficulties had to be overcome, particularly m 
connection with the ielay action operated by 
tho galvanometer pointer It is evident that 
the motion of the galvanometer pointer must 
close or open an electric circuit, and the 
practical problem was to make this contact 
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a reliable one with the light presumes that 
aio av nlable 

Fig 23 is a gcneial view of iho leeoidci. 



whilst Fig 24 is a diagram of the connections 
The movement of the shdo-wno contact is 
effected by clockwoik ]mllmg a stung, the 
operation of tlio clock being controlled by two 
relays 

Acooiding as the moving coil of this galvano- 
metei (10 delict ts m one direction oi the 
other, a iclay aieuil m completed tluough 
one or othoi of two olec tiomagnots MM Each 
of these magnets is mounted on a dock, 
the movement of which ib ptovonted by 
a biaki When a tun cut passos tluough 
Iho magnet this brake is lilted, allowing 
the clockwoik to i evolve These clocks 
are eonnoetod by dilleientul gearing with 
a recording pen can rage TO, which is hauled 
m one direction oi the other, acorn cling 
as the hiako is lifted horn the eoiiespondmg 
block The budge slider moves with this 
pen anti tends to iestoio balance As soon 
as tins is done the galvanometer coil returns 
to its nonmil position, the relay is out out, 
the brake spnngs back, stopping the dock, 
and the roeoidmg pen P comes to rest, until 
the equilibrium oi the circuits rs again 
diHtui bock The maiu difficulty m devising a 


siUsfdctoiy instillment on this gcneial plan 
has been tint of obtaining a delicate and 
lohdlffo relay The total cunont available 
tor operating this is nocossaiily small, and m 
such eases the contacts arc veiy liable to 
stick This difficulty Callendai lias ovoi- 
corao by mounting the contact on one of 
the arbors of a clock movement 0 Metallic 
springs, OF, press on the contact sui faces, 
polishing them as they are rotated by the 
clock With this anangoment the mako 
ancl-bieak is effected sharply and ceitwnly, 
m spite of the veiy small foice which is 
available for piossmg the two contacts 
together Tlio contact piece consists of a 
ring of platinum CW, foimmg the tyro of a 
wheel mounted on one of the shafts of the 
clock A spang folk connected electrically 
with one tenmnal of a voltaic cell, or 
secondary batteiy, gaps this metallic tyie on 
either side, ancl polishes the contact surfaces 
as they move inund Font act is made by 
one m other of two pieces of stout platinum 
m gold foil fixed at the end of the long hori- 
zontal rod, which, as shown m Fig 2! 3, is 
Gained by, and moves with, the coil of the 



D’ Arson val galvanometer GC This lod 
caraos with it two insulated ooppei wiles OF, 
which aio connected at tlio contact-making 
end with one ot other of the two platinum 
wires above mentioned At the other end the 
wiros connect with one or the olhei of the 
two magnets MM, contiollmg the clock brakes 
Those magnets arc clearly shown m the 
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figures, mounted above the cases containing 
the clocks oik 

The clockwork consists of two clocks 
connected with a simple differential gear, so 
that the screw pulley PS, which drives the 
silk coid PD connected to the pen slide, is 
tinned m one direction or the other aceoidmg 
to the deflection of the ielay 

The carnage carrying both the recordmg 
pen and the Wheatstone bridge slidci, is 
coupled at either end with a cord making 
two complete turns round the hauling spindle, 
as shown A spring fastening at each end 
of the eoid keeps the tension piopcily adjusted 
Just below the guide-bai, on which this 
carnage moves, are the bridge and galvano 
metoi wnes ovei which the slidci passes 
The two lie m the same horizontal plane, and 
the slider consists of a platinum silver folk 
bridging the space between them The fiont 
wne is connected at either end with the 
batteiy, whilst at the back is connected to 
the D’Aisonval galvanometer The potential 
along this batteiy wire of course falls from 
end to end, and as the slider moves along the 
potential of the galvanometer wire is raised 
or lowered accordingly A cut-off is ai ranged 
at either end of tlio travel of the pen carnage, 
which hieaks the magnet circuits, and thus 
pievents the pen ovenunmng its cylmdei 
This lattei consists of a light drum ol very 
thin brass, to which squared paper can bo 
fixed m the usual way The spmdle carrying 
this drum is connected by means of toothed 
gearing to a clock DC fixed to tbo frame of 
the instrument 
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SHIP RESISTANCE AND PROPULSION 
I Ship Resistance 

§ (1) Historical —For all practical purposes 
it may bo said that the existing knowledge 
of ship losistanco has been acquired during 
the last contuiy It is true that about 3000 
B a tho Egyptians had some knowledge of 
this sort, as oven then, thoir vessels were 
lounded m section, fined at the ends, and 
given considerable sheer, i e upward curvature 
of the deck and form at the ends In England 
and Noi thorn Europo the advantages of round- 
ing o/I the fore end were known some 700 to 
3100 bo, as all the large “ dug-outs ” of 
tins period, which have boon unearthed, have 
Dus Joaturo At a later period (a d 300 to 
1000), tho Vikings and the English gave their 
vessels a form eminently suited for speed, 
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indicating a good general knowledge of ship 
i esibtance But such a knowledge as existed 
then, both m Northern waters and on the 
Mediteuanean, was swamped and slowly lost 
in the effort to build heavy sailmg-ships of 
large burthen Centuaes passed, and despite 
improvements m construction and m arrange- 
ments of sails, little improvement of form 
took place until about 1800 A d 
jl (2) Early Experiments — Amongst those 
who have woiked at the problem of ship 
resistance must be included Newton, but bis 
work has not stood the test of cxpcnment 1 
He was followed by Euler, D’Alembert, the 
Marquis de Condoicet, the Abbe Bossut, and 
M Homme (1778) Then experiments con- 
firmed the belief that resistance m general 
varied with the area of the surface exposed, 
and with the square of the velocity of move- 
ment, but the general theory of ship resist 
ance m othei respects advancod but very 
little The experiments of Bird m 1775, Gore 
m 1792, and those earned out m Scandinavia 
concurrently -with Bcaufoy’s, contributed 
nothing of any importance on the subject 
Up to about 1800 A D tho accepted thooiy of 
ship resistance was based on the idea that the 
vessel had to overcome the inertia of the 
water thrust away m fiont and drawn m 
behind, and experienced a. resistance duo to 
the inertia of the disturbed watei 

§ (3) Beaufoy — The first successful cfioit 
to separate the resistance of a ship into 
component paits, and to use model experi- 
ments for this purpose, was made by Beaufoy 
Ho clearly discriminated between skin friction 
and resistance due to “ dynamic pleasures,” 
and he was obviously aware of the added 
resistance experienced by a body on the 
surface of the water compared with its lesist- 
anoe when submerged IIo attempted to 
separate out the skm resistance of certain 
surfaces, 2 and showed that, assuming such 
icBistance vaued with tho nth power of the 
speed, n vaued fiom 1 71 to 1 82 But 
Beaufoy, like his prcdccessois, was handi- 
capped by a want of knowledge of how to 
apply his experiment results to the estimation 
of resistance of the full-size ship, and it was 
left for the late William Eroude to propound 
a method for doing this, and to demonstrate 
its accuracy In all essentials the modern 
treatment of ship resistance is based upon 
the woik of W Eroude IIis theories and 
methods, which aie summarised m the follow- 
ing paragraph, have been tested by comparing 
results obtained with a model and those 
obtained by towing a ship at sea, and by sixty 
years of steady application m ship design 
§ (4) W Eroude’s Investigations — Apart 
from the air-resistance of deck erections and of 

L Beaufoy’s Hydraulic Bvvenments, p \\i 
J Ibid Table II 


the hull above water, the icsistanr c expci lenccd 
by any ship may he legauled as consisting of 
that duo to skm friction, eddy-making, and 
the foimation of waves Emm a nurnboi of 
experiments, W Eioude concluded that tho 
frictional resistance of a ship and its model 
weie practically the same as those of piano 
surfaces of the same icspectivc lengths, aieas, 
and smoothness, moving at the same vcloc dies 
To deal with the remaining poition of tho 
resistance of ship and model, ho pioposed what 
is generally known as tho “ law of cone- 
sponding speeds ” This states that the icsist- 
ances of similar ships are m the raiio of tho 
cube of their dimensions, when their speeds 
are m the latio of the squaie mot of then 
dimensions Speeds oonnoctod bv this i ela- 
tion are goneially known as “ coz respond mg 
speeds ” 3 Oi to expioss tho law m symbols, 1 
it can be shown that tho losistance It can bo 
expiessed by the formula 

wheie p is the density of tho fluid, v tho speed, 
and l a lmeax quantity, defining tho stale 
usually taken as tho length of tho slup 
Thus if the icsistaneo of the ship is to bo 
accuiately leprosonted by that of tho model, 
wo must have 

l __ L 
V 2 ’ 

wheie Iv lefox to tho model, LV to tho slup 
Then 

*(g) -*(#). 

while, smeo v 2 is propoitxonal to l } R, which is 
pioportional to Pv Q , vanes as P 

This law is liuo foi lcsistancos ansmg 
from dynamic conditions which aio smuLu, 
irrespective of size, and is generally applied 
to that due to tho foimation of waves and 
eddies, which is assumed to n institute all 
that i Distance experienced by ship and 
model over and above the faction insist anoo 
To this resistance Eioude gave tho name 
“ residuary * If, theioioio, the total resist- 
ance of a model bo ascertained by oxpet miont , 
and its friction resistance calculated as above 
bo deducted from it, tho residuary icsistaneo 
of the ship at tho corresponding speed can bo 
inferred from the insult;, and when added to 
tho calculated faction resistance gives tho 
total for the ship This procedure lias boon 
tested by comparing estimates based on model 
experiments with the measured resistance of 
a similar full-size ship towed under tho same 
conditions The first tests of this kind were 
made by W Eroude on the Greyhound in 

Similarity, Principles oi,” 

S3 (10)j (39) 

4 See “Friction,” § (24) (h ) 
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1873, 1 and by Mr Yarrow on a first class 
torpedo boat rn 1882 1 In both cases the 
measured resistance exceeded that deduced 
from the model tests, but the agreement was 
suITieroriLly dose to justify the use ot this 
method of estimating powers for ships, and 
with some modifications m detail it is still 
in use 

*} 0) — Of these modifications the most mi- 
poitant i*" in the method of calculating fnc- 
tional lesistance Eioudo assumed (i ) That 
foi all lengths gi eater than 50 it the resistance 
could lie obtained, foi the hist 50 ft by 
rising the const ints obtained foi a 50-ft 
plank, and that lm all the smiaco beyond 
this length the iesistan.ee pci square loot 
would be the same as that of the hist foot of 
the 50- It plank, this being dctci mined by an 
analysis of Ins lesults , (n ) that the resistance 
of a dean plated slap could bo calculated 
fiom that ol Ins smooth planks without any 
collection Lu roughness or foim effect These 
assumptions, altliough still m consideiable use, 
aie not now necessary, and me not made 
m the data and methods ol oak ulation heio 
given 

Foi the sake of clearness, each of the three 
mam factms m resist anco is treated separately 
Although this is the usual practice it is not 
stndly eoneet, as all three aio to a small 
and usually not important extent mtoi- 
dependent These cross effects are dealt with 
undei tho sepal ate headings 

The section on stioarn- lines is intended 
mainly as an introduction to tho subject of 
ship wave foimation, a pel its close ally, ship 
foi m design Tho data given, howevoi, seivc 
to dlustiato points raised m discussing fndional 
and eddy lesiatunoe 

tl Skin If motion Resist vnge 

5; ((i) Skin Friction —This is one of the 
most jiiolihe causes oi resistance to the move 
ment of ships through water In all well 
designed vessels it amounts to about 80 per 
cent ol tlie whole resistance at low speeds, 
and even m a torpedo-boat desttoyer at its 
maximum speed of about 10 knots, 40 pci 
cent ol the whole resistance is duo to skm 
ruction In hut one typo ol vo u ho1, viz the 
hydiophvne (4} (35)), is if a comparatively 
mumpoitant Jnitoi, and then only at high 
speeds* 

It may lm defined ns the tangential Imeo 
between the smlaie of a moving body and 
the Jayei ol watoi with which it is m contact 
Tho uatiuo ol tins tangential lone rs little 
known Its eifeet m the case ol a smooth 
suifaie rs to sot ui motion a comparatively 
thm layer ol water m the immediate neigh 
bourhood of the body, and this layer is usually 

1 Inst Ntuttl \rvhtU'rts Trans \v 
a Ibid xxiv* 


called the fnihonal belt Teizaghi’s expeu 
ments * with thin films between glass plates 
suggest that the innermost skm oi film of tho 
water m contact with the body has shearing 
and tensile strength as well as viscosity, and 
that the properties of this film are different 
from those of larger bodies of water To 
what extent tins may hold good for the 
boundary of a ship foim is, howovei, not 
known [Tele Shaw’s 4 experiments suggest 
that thcio is a thm film (much thicker than 
Teizaghi’s film) in contact with the body in 
which the movement is puiely stiaight lino 
oi viscous, and that sinuous movement exists 
m tho remamdei of tiro flic tional belt 
tan ton’s experiments have confirmed this 
Tho layer is approximately one tenth milli- 
metio an thickness, but gradually mciges into 
tho sunoundrng sinuous How streams Tlie 
fluid m contact with the moving surface 
moves with tho velocity ol the surface at the 
point of contact 

§ (7) — Calvert’s r> experiments with long 
planks show that the forward motion of this 
belt at the after end of a plank me lease's with 
the length of the plank, and both Calve it and 
Ahlboin 0 have found that, foi a perfectly 
plane surface, ineieaso of velocity of the 
surface tlnough tho fluid did not matonally 
metoaso the tlneknesa of tho frictional belt, 
but only increased the at celci ations ol the 
par tides inside it, a icsult m general accord 
with tho equations of motion, when viscosity 
is tho only external force acting Ahlboin 
also found that the thickness of the belt at 
the aftei end of Ins planks increased but voiy 
slowly with increase ol length of siuface, 
particularly when tins was smooth 
«5 (8) Resistance on Smooth Planks — 
Tlie amount of energy dissipated m this way, 
by smooth bodies moving m water, has been 
m vesti gated by Beaufoy, Fioudo, Gebois, 7 and 
Bakoi, 8 etc The icsulta obtained foi smooth 
planks, by these oxpoumontois, arc given m 
Fiq 1 Tho oidmatcs arc values of R/pV 2 , 
and aie plotted to a base of VL//', where 

R is the resistance in lbs pen wpiaio foot, 

Y is the speed rn ft pen second, 

\j is tho length of surface m feet, 
v is tho kinematic viscosity of tho watoi, 
p is tho density in lbs per cubic foot, 

loi in tins ease wo can show that 

R^V'L'i'P) 

Piovxdod that one is dealing with bodies 
snmlai in Jonn and nature ot suiioco, tho 


11 Phw Her, l‘)20 
1 Inst Nnraf Ah kiletlh Tunis xl 
n Ibid xxvlv 

“ fteh if (limit eihnm'heu (it i-ellsi kaft t x 
7 Schiffhau, ninth ymi, Nos 12 mul 13 
“ In V Inst Ting and Phv> Trans xxxit 
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value of R//)V- at any value of VL/y should 
be the same, whatevei the dimensions of the 
bodies 1 Although none of the planks whose 
lesults aie given weie made “ similar ” m all 
then dimensions, the figure shows that except 
at low YL/v this dilfeionce had little effect, 
and the mean curve may be taken as defining 
the i esi&tanee of a long smooth plank m watei 
This curve passes well thiough the spots 
obtained by Fioude and Baker Gebei’s 
lesults lie a little below these His expen- 
ments were made with the top of Ins planks 
out of water, and the cliff eience m lesult may 
be duo either to this or to the veiy great care 


HI 


Skm Friction Resistance 
Smooth planks & models in watei and in air 


Far definitions of teuns and units se6 §8 
The curue adopted for power estimates (^11) 
js based on the curve marked 1 



Gabors 60c m plank 

16 foot Jito model 8 3faat similar model In air | 
'I Fronde i 2 5 foot plank 
"JO , 10 , 

_ 11 ifj 111 Zahm’s boards in air 
U Strut of good section I foot In length 



Reference 

1 W r roude $50 25 ft 16 fool planks, and national 7 an/i 
16 n 18 foot planks 

2 Goboi's G’>2 460 360 ft 160 c m planks 
(5 Beau fog s planks f, 42 foot raft 

6X10® 10X10® 16X10° 0X10® n 6XlO* 80X10® 05X10® 40X10® 46X10 8 

Scale of ur 

h'm ^ 


taken by Gebeis to obtain a peifectly smooth 
suiface 

Beaufoy’s experiments were made from 1786 
to 1798, Ins object being to determine the 
friction of a suiface following behind a tapoied 
foie end, whoso resistance was separately 
raoasuied Tins piocedure, and othei condi- 
tions oi the experiments, lead to some small 
inaccuracies, and the difference between his 
rosults and the mean curve are attributed to 
these 

The lesults for planks of short length differ 
considerably, not only between the work of 
different experimenters, but between different 
planks tested by the same individual Careful 
experiments made m the National Tank have 
shown that m this region of YL/v a great deal 
depends upon the accurate setting of the 
experiment, and that with a perfectly uniform 
speed of advance a much lowei resistance is 

1 " Dynamical Similarity, Principles of,” § (14) 


obtained than is the caso oven with quite 
small irreguluities m speed It is believed 
tiiat m tins legion, when the speed is btesdy, 
the flow is moie neatly viscous m character, 
but is easily changed to sinuous with any 
lriegulanty This probably also explains the 
large difference (allowing ioi density) between' 
the f notion of planks obtained in an and 
m water at the same YL/v In an air channel 
the fluid is cveiywheie m smuous and dis- 
turbed motion, but with watei thue is no 
such motion to stait with, and its develop- 
ment may sometimes be avoided , the factional 
resistance will then be smallei 

§ (9) Character of Surface — Experi- 
ments made by W Fioude, Bakei , and Taylor, 
with ship models varying from 10 to 20 ft 
m length, show that no appi enable variation 
of resistance is exponent ed with fun iaces 
having a coating of shollac varnish, red-lead 
paint, black lead varnish, paiafhn wax, and a 
number of ships’ “ compositions,” and if can 
be concluded that the data for smooth planks 
hold good foi any reasonably haul smooth 
surface It has sometimes been suggested 
that skm friction might bo 1 educed by blowing 
air into the water at the surface of the body 
Very complete experiments made on a laigo 
paddlo steamer showed that the x^csence of 
the an had veiy little effect on the icsistanco 
— and such oilect as was detectable was not 
good Experiments with planks lubi mated with 
oil have been made m the Washington Tank 
The XHesencc of the oil increased the resistance 
by 5 per cent, but this diminished as fho oil 
was washed off 

A ship’s suiface is made up of a number of 
strips of plates worked longitudinally so that 
the edges of the jilatos are exposed The area 
of wotted surface is mci eased slightly by this, 
and m the case of a moderately fine form fho 
resistance was also increased 8 7 per cent 
If those longitudinal stiakos of plating are 
made ux> of a number of short lengths of plate, 
the after end of one lapping ovei the tore end 
of the next, there is a consider able moioase 
m resistance This is the condition which 
exists in all ordinary ships, and experiments 
with models having similaily arranged hui faces, 
with the plating thickness collect to scale, 
indicated a 10 per eont increase in i esistam c 
The increase vauocl with the thickness of 
plates, the above figuio being ioi a 400 ft ship 
with strakes of J-incli plating \ ft wide, the 
plates being 20 to 24 ft long Other experi- 
ments with these slnxi models woio made with 
the foiemost eighth of the length perfectly 
smooth, the rest of the suiface being coated 
with plates as above Those showed that 40 
per cent of the whole viaetm m icsistanco 
caused by the plate edges and ends is duo 
to these m the foremost eighth of the length 
Experiments with a model having a “ calico ” 
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surface suppoit tins icsult Tho exit a resist- 
ance due to 1 sq ft of cilice, placed any- 
where about amidships, on an oihctwise 
smooth model of about 10 ft m length, vaued 
fiom one half to one thud of that foi the 
same suiface placed within 2 It of the bow 
The eifect of a umfonn umghomng of tho 
surface is given m tho accompanying table, 
denved from W Pi o ude’s experiments with 
planks Tlieio is a maiked tailing ofl. in 
ellect of a given state of roughness as length 
is mcieased, that is, as tho dimensions of tho 
surface mei eased leiativo to the si/o of the 
pai tides forming the i oil gh ness In applying 

such lesults to a ship it is essential that tho 
louglmess of the model shall be “ similai ” to 
that of the slup Thus a growth of weed 
about 3 m m length on the ship would bo 
repiesented on an aveiago model by a veiy 
lough calico suiface, and not by weed of the 
same length 

Tiblu I 

Rilajivl IiLsisT\Nor on 1 Uniformly Rough and 
Smooth Suhimob 


Natuio of Smfait 

I tif Sut fiu o In T 

ol 

3 

• 

20 

50 

K< ihtiiino pin Sti Ft Roufcli 
RmIkUiho pc ) hii 1« b Hmuiiih 

(Jahco 

2 2 

X 05 

1 03 

] 89 

Fine sand 

2 0 

1 87 

105 

1 62 

Medium sand 

2 25 

1 05 

193 

105 

Coarse sand . | 

2 75 

1 

2 24 

2 14 



§ (10) Solid BomriH — Tlieio aio no chiect 
experimental data on the faction of solid 
bodies m watei, and veiy little guidance is 
to bo obtained fiom theory Fm veiy low 
velocities — i c with viscous tlow — Leo 1 has 
shown that the diameter ol tho eiuulai section 
ol equal resistance to that ol any elliptical 
section is equal to tho sum of the semi axes 
ol the elliptical set lion, and foi a thin plank 
will bo one half the width ol 1 ho plant Thtuo 
is no authority, however, Fm assuming the 
same uilo to apply m oidmaiy tuihulent How 
If tho velocities m the Mu'oietiealsti earn -linos 
Cor a non-visemis (hud around any solid body 
aio obtained by calculation it will bo found 
that the mean value of the rubbing velocity 
of tho streams, taken over llio whole form, 
generally exceeds tho velocity of the form 
itself, the excess varying with the fulness ol 
tho body Foi ilow m two dimensions only 
tins excess vanes from 11 per cent for a full 
tonn to (> per tent ini* a line one. Km a thioo- 
dmionsimi foim ol pnsmatie coefficient 53 

1 hut NaudJrchiUda 7 runs IvlU 


tho mean velocity of the sti earns m contact 
with the foi m VMS 101 times the velocity of 
the foim Such an increase m velocity must 
cany with it a coi responding increase m 
lesistance Experiments m a tank with many 
slup models at low speed when the wave- 
making was negligible showed that tho resist- 
ance exceeded that calculated foi a plank of 
tho same wetted area and length The excess 
vanecl fiom 4 pei cent foi a long lino form such 
as a torpedo-boat destioyoi to 10 pei cent 
foi a battleship or lmci foim, and 10 to 14 
pei cent foi a full typo oi cargo vessel 

tj (11) POWER ABSORBED BY FRUITION RE- 
SISTANCE — This can bo estimated fiom the 
data already given or fiom tho following 
foi multi 


Elective lioiso-powoi ~ 000024SV 3 8G , 

wlioie S is tho wotted aiea m square feet, V 
is tlio slup speed m knots 

Thw contains no allowance for either the 
roughness due to the plate edges and ends, 
which amounts to about 6 poi cent on an 
average, oi for the effect of foim as given 
above An addition, amounting to 10 pei cent 
in long hno vossels and 10 pei cent in slioit 
full-caigo vessels, is lequned to allow fm these 
offeets Tho index is based on a logarithmic 
plotting of tho data ot Fiq 1, and lepicsents 
tho oxponment icBults foi pUnks «it all high 
speeds 

§ (12) Dimensions and Wetted Surface 
— Tho smaller tho wotted suiface of any ship 
can bo kept, consistent with non -wave-making, 
the bottei will bo tho i esull Calculations Iiavo 
shown that with fixed length tho suilaco is 
lomaikably non senmtivo to such factois as 
fulness of foim, but depends mainly upon tho 
principal cross-dimensions The wetted sur- 
face per toil of displacement will decrease with 
oil hoi mcieased dial l, tho beam bemg fixed, 
oi with mci eased beam, the diaft being fixed, 
and the best ratio of beam to draft is that 
which gives i ho 


samo i eduction 
of skm pei ton 
displn cement 
fm either beam 
oi diaft vai ra- 
tion If a simplified form of ship having all 
hon/ontul sections of tho shape shown m 
Fiq 2 lie oonsideied, the best ratio of beam 
(2 (j) to draft (r/) is given by 



Fid 2, 


2 6 aa0 2f fl h c 3 

a ((-H c) \//P Hr 


For a ship foim with rounded sections tho 
ratio is about 0 per cent less than tbo 
formula indicates, and is about 2 8 Cor a foim 
having pai allot body for about 30 pei cent of 
its length amidships, and somewhat less than 
this for forms with 50 per cent of parallol body 
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When the displacement and length aie kept 
constant, if the ratio of beam to draft is near 
that given above it may be changed to a 
quite fair extent without any noticeable eftect 
upon the wetted surface of the ship 

III Eddy Resistance 

§ (13) Eddy-making — In the strict sense 
of the word eddy, all frictional resistance 
might be classed under this heading, as the 
frictional belt consistb laigelv of eddies But 
by long usage it has come to mean that 
resistance due to eddy formation or broken 
stream - line flow, pi oduced by some cause 
apart fiom skin fuction or onlv mducctly 
due to skm f notion 

When watei is made to flow along a pipe, 
from a large to a small diameter, no matter 
how lapid the change m diameter is effected, 
no mateual bieak up of the flov takes place, 
but if the flow be icversed it is found that, 
unless the mciease in sectional area of the 
pipe is veiy gradual, the steady flow mil be 
broken up, and theie will be a tendency to 
foirn a central stieam suuounded b} r an eddy- 
ing annulus This same phenomena is ahvays 
liable to occur around any solid body such 
as a ship, at such parts where the flow may 
be diveigent m chaiactei For the mainten- 
ance of the stream -line flow around such 
foims, areas of high pressure are required at 
the two ends, with legions of vanable but 
always low pressure between, and the particles 
of water as they meet the after body have to 
pass from low- tolngh-piessuie areas, just as did 
the watei m the expanding pipe , and if the 
rate of expansion of the sti eam-tubos necessary 
to keep contact with the form exceeds a certain 
amount they will not follow the foim More- 
over, the water pai tides moving into the high- 
pro&siue area automatically render up what 
speed they may have, but if this is not 
sufficient to maintain the neces«aiy pressure 
they tend to stop still What will then happen 
is not veiy cleai, but there will be a break-down 
m the goneial stream line ariangemonts at 
this part In a perfect fluid of infinite extent 
such bieak-downs wall be possible when the 
total cliango of velocity head is equal to that 
corresponding to dischaige into vacuum , and at 
a free watei surface, where the atmospheric 
piessuie must m any case be maintained, the 
icquisite velocity change will be very much 
smallei With a viscous fluid flowung past a 
ship the sti earns quite close to the form will 
have lost a good deal of their speed befoie 
reaching the after body, and the liability 
to form eddies wall iherefoie be increased 
When there is a fiee surface to the fluid — as 
is the case with all ships except submarines — 
the chance of eddy formation is still further 
increased as indicated above 

The pressures which would exist without 


an v free surface aie different fiom those actually 
existing, owing to the foimation of waves 
The enemy dissipated m these w«u es is e\ 
ti acted fiom the stream-lines, and theie is 
less aggregate energy in those close to llio 
foim at the after end than at the foie end 
In addition to this it must bo lomembeiecl 
that at the after end theie is a considerable 
upward How of the pai tides closing m mound 
the stern, andthis demand foi great ex potential 
energy is sometimes moie than the paitide 
can satis ly, and a bieak clown oceuis 
Eddy making of this kind, therefore, is to 
some extent dependent upon the bulkmess 
and abi aptness of fcalme of the ship, and to 
a smallei extent upon the wavo making (which 
wfll vaiy with tho speed) and the skin /notion 
The eneigy lost in the eddies tin own olT will 
vary with the square of the winding i cloeity, 
the si/ e of the eddies for mecl, and the rato 
at which they aie shed Thmo is no experi- 
mental information on the latter point, but 
pi evicted that this faetoi can be assumed to 
be i datively the same in model and ship, and 
in so far as tho bioak-clown m flow pioducmg 
tho eddies is dependent on form and flow in 
genoial, the resistance clue to it 'will vary in 
accordance with Froucle’s law of comparison 
But since tho frictional resistance is known 
not to vaiy as the squaio of the velocity, 
fiom what has boon said it is evident that tho 
accuracy of tho oddy-iesistanee estimates, 
based upon tho use of Fronde’s law, wall be 
a fleeted to the small extent to which any 
break-down m flow depends upon tins factor 
§ (11) Eddy Resistance — Expci imeiits 
with ship models liavo shown 

(i ) When eddy-malang is produced by ab 
luptness oi bluntncss of foim the consequent 
resistance vanes with tho squaio of tho 
velocity within tho limits of the experiments 
(n ) With increase of speed tho extent of 
tho eddy Jormation me leases slightly, ? e the 
break up of the stream occurs at a position 
which moves fotward slightly with high speed 
(ill ) To avoid eddy making the after end 
of the foim must be so designed that tho 
stream-lines if they are to exist shall m no 
case bo inclined at an angle m excess of 
10° to 20° from tho lino of motion of the 
foim The lowot liguio should bo used with 
high velocities (for example, J or airships 
and lorpedoes 10° is tho maximum slant of 
a longitudinal soot ion of the tail) and the 
upper figure for low velocities (as in cargo 
vessels) 

(iv ) For oidmary mercantile ships of low 
speed, having reasonably good lines, the 
minimum longth m feet of actual tapered 
after end, measured iiora the section at which 
the roducton of sectional aiea begins, to the 
stern post, is given by 

L— 4 1 \/immeised midship section area msq ft 
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Wave-making c onsidei ltions may, of com sc, 
demand a greater length, than is given by the 
above foxmula 

§ (15) Head Ri STSTANrii — A second f 01 m 
of eddy resistance developed by a ship, some- 
times called “ head losislantc,” is due to such 
features us condonscz scoops, bracket aims, 
web supports io the propeller shafts, thick 
stems and stem posts This icsistance, how- 
cvci, oonstitulcs only a small portion of the 
total Thick stems, stem posts, and con 
denser scoops piosent a Hat face to tlie 
streams they meet Then resistance is given 
by the formula 

R-l 12V’, 

wlieie R is resistance in lbs pei sq ft of area 
oi projected sin hue, V is Hit' velocity m ft 
pei see 

II tlio piopellei shafts arc earned in a case 
supported by a deep web oi “ bossing ” fiotn 
the h!u])*s side, tho resistance of tins bo««ing 
can be l cm luted to almost its skin friction, 
provided tlie piano m which the web is worked 
is along tho natmal lino 
of How of tho streams 
m tlus ] rail 11 the pi o- 
pclle i shall is supported 
by laigo bracket aims 

near tho piopnlloi the 

lesistane o of these str uts 
oi arms is given by the 
following fommlao foi 
two typos covonng a latlior bad and a normal 
section 

iStrut at ms of section A, Vtf/ 3, 

* =* 014 at and abo\o 10 r ‘ 

pv 2 v 

Stiut aims of section B, 

001 at and above 8 * 10 r ’ 
joV- v 

R is the lesistaneo m lbs |)er sq ft of tho 
product length L of sent ion and length 
of aim oi stiut 

() ih the density of tho fluid 'l 00 lot salt 
v at oi 

v istho kinematic viscosity ot tho fluid, wlw h 
for salt waler vanes from 1 ( )H > 10" 6 
at fie'vmg - point to 1 20 / 10~ B at 
15 ° t « 

In both cases it is assumed that i Jio piano of 
the stmt aims is m the line of How At lowei 
VL/*' values tho \l/p\ 2 \ allies steadily me leaser, 
and the late ol meieusr becomes abnormal 
below VU/y 1 0 ' 10 r > 

The velocities to Do used m those ealeula 
turns aio those ul lire stmuns passing the 
scoop, struts, ( te , which, owing to the stream- 
line offeet and tlie fnetionnl belt, will vary 
fiom tt to 5 tho velocity of tho sbqr The 
higher figure holds fot line ships, the lowei 
loi full-bodied ocean tramps, 


IV Stream lines oi Shir Forms 
( l(>) Stream line Motion — The fences 
and velocities produced m a fluid by the 
motion of the body through it are usually 
calculated on the assumption tint the fluid 
is non -viscous, perfectly homogeneous, and 
incompressible The motion of the paiticles 
m such eases is fully detei mined by the well- 
known equations of motion Tho justifica- 
tion foi applying the deductions fiom such 
calculations to the flow around ship forms 
lies m the fact that it is found experimentally 
that the mam body of v atci does flow m much 
the same manner as the mathematical solu- 
tions would lead one to expect 

In ship design a knowledge is reqmied of 
the relativo velocities of ship and fluid paiticles 
at various positions along the ship, when it is 
moving at a uniform speed The problem 
is moio easily solved mathematically, and 
pictured mentally, by adopting the standpoint 
of an observer on the vessel, and eonsideimg 
it as fixed and the fluid moving past it When 
at eveiy point m the fluid the velocity and 
direction of flow remain constant m time, tho 
motion is said to be 41 steaclv ” A number of 
fluid particles, originally moving with uniform 
veloc.it y m a stiaiglit line, will then continue 
to follow one another, hut along a deflected 
path, as they appioacli and recede from the 
body, and will constitute what is called a 
{£ stieam tube ” The extent and natuie of 
these displacements can sometimes be deter- 
mined if the shape of the body can be ex- 
pressed by coitam algebraic formulae 1 

§ (17) Theory — Tho motion, when ex- 
pressed as an equation, is not always easily 
pictured, and a graphical mteipictation of 
the lesult is generally moio convincing As 
is explained in the article on f ‘ Stieam.-h.no 
Motion,” tho motion of the particles can be re- 
presented by tubes through which they move, 
the ei oss section being constricted whore the 
pai tic lea flow fasten and oxpanded where they 
aio lotar deal, the actual velocity at any point 
varying inversely as the cioss section of the 
tube Tho calculations aro consideiablv sim- 
jrhhcd by assuming that the flow is “two 
dimensional ” m chaiactei, i e takes place in 
one piano only 

Koi example, tho How around an oval of 
length 2 \T(a 2 b2a/j) and breadth equal to 2b 
is given by tho ecj nation 

. Tt U b , 2ay 

y 2 cot ~ l (b/a) ai a a 4-?/ a — a 2 ’ 

\p being tho stream function, and U the 
velocity m the umfoim poftion of the stieam 
This equation is obtained by combining the 
motion of a single soiuco and sink distant 2a 
apart with a umfoim flow of velocity U m 

1 See “ Stream-line Motion ** 
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the direction hnm souice to sink The blunt 
end of the body for which the above deter 
mines the stteam-lines bears little resemblance 
to ship lines, which are usually given a sharp 
angular tcimmation 

§ (18) — Tayloi 1 has developed a method of 
obtaining ship-sliape stream foims and their 
stieam-hnes by combining an infinite numbei 
of souiec* and sinks of vaiving strengths lying 
on a straight line, with a uniform flow 
paiailel to the line of the sources and sinks 
The values of \p due to the sources and sinks 
aie calculated at a numbei of points foi a 
senes of abscissa values For each abscissa 
value a curve is plotted so that its horizontal 
oulinato at any y value is the \p value for 
that y and abscissa Points on a stream- 
line are given by the equation i^=Uy-l- con- 
stant Such points can be picked out and 
the stream line drawn by joining them An 
infinite variety of forms can be obtained, 
by varying the strengths of tlio sources 
and sinks at different points, and the stream 
form will be a closed one, provided the 
total source and sink strengths are equal 
The length of the sticam foun will be the 
length of the source sink line, its breadth will 
depend upon the iclative strengths of the 
souices and the uniform flow A number of 
foims obtained by this method are given m 



The stream foims are symmetrical about amidships, 
Pig 1 

Fu 7 4 , togcthei with the distribution, of 

press uie along them 

Tins method has been extended 2 to deter- 
mine the stioam pressures around two-dimem 
sional forms with pointed ends, symmetrically 
placed midway between boundaries parallel to 
the direction of motion For this the stream 
function \j/~A tan - 1 y/x, for a source or sink 
m an infinite fluid, is replaced by 

, A , A , tan (irx!2d) 

\b — A' tan ” 1 r — ) — txvu 
Y tan (t ryl k 2d) 

1 Inst Naval Architects Trans xxxv 

* Ibid Iv 


2d being the distance between the boundaries 
An infinite numbei of such souices and sinks 
m a straight line, oi vaiymg stiength detu 
mined by the constant A', aie combined with 
a uniform flow The pioecdure is much the 
same as for the uniestnctcci fluid One c\ 
ample m which the souicc-amk strengths have 


Port honmlaiy Wall^ _ 



77h> Off/motei am variations -i 
of Pres uru w tarms of Initial | 
1/o/ot ltd Hoad 


20 - 

■Without Bound ones 
. With Boundaries 

Without any Boundary 

_ With Boundary Walls 
Distance between Boundary Walls 
— 6 Beams s= Length of f at m 

Stream Lines and Pressure Curves for angulai 
‘orm with and without boundai ies 




lieen so adjusted as to give the same form as 
m open watei is given m Fuj 5 to illustiate 
the eflect of boundary walls (for effect upon 
resistance see ^ (3b)) 

It is possiblo by tlio souue-and sink method 
to calculate the flow around solids of revolu- 
tion, moving along then axes of l evolution, 
and the ease of such a solid m a. concent nt 
cylindrical boundary can also bo treated m 
tins way 

(19) Experiments Methods — Such in- 
vestigations neglect many factor h wbidi may 
bo important, especially in the ease of the flow 
around ships, and foi stub purposes expoii 
mental means of dotermmmg the stream lines 
have been developed Taylor’s method 1 
consists of coating the huilaeo of a wooden 
model with glue, which is painted over with 
a strong solution of sesqtu-ehloiide of non 
(Fe 2 Cl c ) The model is towed m fresh wafei 
at a speed corresponding to the noimal speed 
of the ship it represents, and a stiong solution 
of pyrogallic acid is ejected through small 
holes boied through tho bottom The acid is 
washed aft by tlio water, and coming into 
contact with the Fo/\ leaves a dark divergent 
mark or pencil on tho suifaee of the model 
Such lines show that, broadly speaking, m 
ships with ci oss-soctions approximating to 
a rectangle amidships, tho flow is divided 
into two paits The fust, near tho suifaee, 

* American Soc Naval Architects Trans w 
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approximates to two dimensional flow m can 
almost horizontal plane, and the second passes 
down m steep diagonal planes under the 
bottom at the fore end, and uses again along 
snnilai planes at the stem The lme of 
division of those two mam flows is approxi- 
mately along a diagonal plane at the bilge, 
and iccent work at the National Tank has 
led to the conclusion that, where these two 
types of How meet, tho actual flow is fre- 
quently unstable, and there is probably some 
difference between tho velocity of flow along 
the sides and bottom This method only 
defines the flow close to the surface, and tho 
sti cam-lmes so obtained aie to a coitam extent 
afleoted by the frictional belt They are, 
thoiefore, not absolutely lehable as a guide 
for tho direction to be given bilge keels, shaft 
webs, and other necessaiy under -water pro- 
jections from the ship’s suiface For this 
purpose a numbei of small flags are used, 
each of depth equal to that of the proposed 
projection, each car of nil y balanced m water, and 
seemed to a spindle passing through a gland 
m ihe suifaco of the model, at tho point where 
tho flow is to be determined Tho inner end is 
fitted with a pomtci moving over a graduated 
scale The positions taken up by the pointers 
aie recorded during each test, and the flag 
positions aie afterwards transferred to the 
model surface These flags have been used 
successfully on seveial occasions to detoimme 
tho flow at some distance fiom tho hull, as 
well as close up to tho form 

(20) Pressure Distribution — Tho 
general chai actor mtics of the pi casino curves 
foi ship shape stream forms are as follows 
From an minute distance m both directions 
the pie&smo slowly uses fiom zoio until it 
leaches the neighbourhood of the ends of tho 
fmm It then uses rapidly to a maximum 
positivo pressure, falls sharply to a maximum 
negative pressure, and tho negative pressure 
persists along tho centra portion of the form 
A close study oi such pressure curves gives 
a clue to tho particular features of the form 
which producer large pressure cbfloienees, and 
is a valuable aid to tho ship dosignoi m deter 
mining the shape of tho water -linos near tho 
suifaco Tho value ol tho maximum piessuro 
is gi eater tho 1 ullor the form, and occurs 
nearoi the end when the slope of tho foim at 
that olid is men cased Conversely, the tiner 
tho foim the lower tho maximum positive 
pressure, but tho greater becomes tho length 
of tho lotm ovor which tho positive pressure 
occurs Tho governing loatuio producing the 
maximum negative prossmo hotweon tho ends 
and tho centre of tiro form is tho cm vatu ro, 
or rate of change of shape from tho entrance 
to tho section ot maxim um beam Tho quicker 

this curvature, tho gi outer; rs tho maximum 
negative pressure 


Rankine has shown that for two-dimensional 
flow round an oval whose length/breadth 
equals sji (called a lissoneoid) the pressure 
changes are moie gradual than tor any other 
oval If the ratio is less than the pressuie 
curve has its maximum negative piessure 
between each end and the centie of the oval, 
while if it is greater than \J& the greatest 
negative pie&sure is at the middle of the oval 
Tins suggests that, ignoring wave-making, the 
best piopoibion of length of entiance/half-beam 
m a ship would be \ blit many experiments 
with ship models show that this ratio can be 
exceeded with good results 

Tho maximum pressures of the vanous 
forms of Fig 4 occur at different positions 
along their length If the ship designer can 
so arrange his form m the immediate vicinity 
of the suiface m such a way that the maximum 
negative pressure of one water-lme is partially 
over the positive pressure of a water-lme 
some small distance below it, the net resultant 
pressuie will be small, and the surface move- 
ment will also be small This has been 
achieved m certain low-speed cargo boats 
A full surface watci line is essential for 
commercial leasons, and can be associated 
with liner lower water -lines stepped back 
relative to the upper ones, so that, due to 
both then flnor angle and the actual set-back, 
they tend to cieate their positive pressures m 
the same section as the fuller load water-lme 
is flying to create negative pressures (See 

s s (31) ) 

§ (21) — A woid of caution is necessary m 
drawing deductions from theoretical stieam- 
Imos, and applying them to piactice without 
expeumenf xl confirmation. It must not he 
f oi gotten that m the theory a ‘ 4 perfect” 
fluid is assumed With this there is ordinarily 
no possibility of a break-down m the flow, as 
explained m the section on eddy making, and 
tho effect of the free surface and its movement 
imdci any change of pressuie is ignored Also 
flow m thieo dimensions is at present calculable 
only on the assumption of the flow being 
symmetrical about an axis, or, m other woids, 
by ignoung the effect of gravity upon the 
system as a whole 

V Wave Resistance 

§ (22) W WES —The nature of the stream- 
line pressures set up around a moving foim 
has ahoady been descubed If the fluid 
wore a perfect one, and. the body well below 
the surface, the total foie and-aft force on 
tho form would bo zero This would also be 
the case at the suifaco if the surface is supposed 
ngicl, despite the fact that the piesence of 
tins boundary suiface had caused considerable 
chffeienoes m the fluid pressures In such a 
case tho surface would be subjected to press- 
ures varying in the systematic fashion already 
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deseubed, and if its hypothetical ngidity is 
abandoned it will foim into humps and hollows 
undei the influence of these pressures This 
alteration in pattern of surface effects another 
modification in the stream pressures, ancl theso 
will therefore vary to some extent with, the 
wa\ es formed In the case of a ship travelling 
on the water, the total weight is constant, 
and, neglecting any vertical accelerations, the 
immersion of the ship when m motion must 
always automatically vary so that the verti- 
cal icsultanfc pressure on it is equal to its 
weight, and tins alteration affects the whole 
system to a small extent The final pressure 
system created is therefore the b ilance 
achieved under these vaiymg influences, con- 
sistent with the free suiface being one of 
constant pies&ure, and the upward foice on 
the hull remaining constant Its general 
characteristics remain the same as when the 
form is submerged, but their relative magnitude 
and importance change with form and «ppcd 
§ (23) Theory — The disturbance of the 
surface produced by a point of pressure 
travelling in a straight line over the suiface 
of the water has been considered by ICelvm 1 
and Havelock 2 This consists of a system of 
transverse waves travelling with the originat- 
ing point, associated with divergent waves all 
radiatiri'g from the point, the whole pattern 
being contained withm two straight lines 
ladiatmg from the point at an angle of 19 40° 
to the line of motion The height of suc- 
cessive transverse wave crests at the middle 
line diminish in the mveise ratio of the square 
root of their distance from the point Near 
the outer boundaries of the wave system, 
the crest of each transverse wave is bent back 
and joins a divergent wave in a cusp, and 
these three waves form a sort of tnangle with 
curved sides, of which the cusps at the comma 
are the highest points The heights of theso 
cusps dimmish with distance from the point 
at a slower rate than do the transverse waves, 
so that the divergent waves become relatively 
more marked towards the rear 
There ate, however, very sonous differences 
between such a pcmjt of pressure and the 
pressure system of a ship, m fact the whole 
science of ship form design has ausen largely 
from the study of these differences Have 
locks has traced the effect of a travelling 
pressure disturbance similar in charaotor to 
those of Fig 4, the work be,ng confined to 
two dimensions, and transverse waves onlv 

of Tfe rl I," ^ Pr6SSUre 1S 
wh,tb ’ the / 6 “ a ° ertam above 

tf e C ve formatlon continually dnnm- 
f hA 8 “ t . he P r fsure vanes as some power of 

l a hmlnffr the resistan “ tends 

n ° fimte value as speed increases 


indefinitely, conesponding to dmnni-ihcd el(i» 
tudes of waves at the lughej speeds Tim 
mteifeieneo between the waves set up by the 
two ends, ami othei features, mo smijlm ( o 
those dosenbed lutei, but tlu supposition of 
two dimensional motion iides nut.mydivc u»c n( 
waves 

S (24) Wavk Tjains Tho dejoinutmu of 
the watei suiiaoo lesultmg Imiti the motion 
of all ships, except hydroplanes oj skimming 
boats, has always the name gems d t h ua< j<u- 
isties Most noticeable am two In mu of 
waves of shod length along < u b u<‘st him, 
commonung with a heaped up wa\e at the 
how, and tiailmg away cm euh side along a 
diagonal line, m mu li a way that cm h wave 
is stopped behind its piedoeessm Those me 
called the how divergent waives Hein ten 
the chvoigont waves on oil hoi mde of (ho ship 
otlici avuvos lu o burned, having then cies(, 
bnea noai the hIiiji at light angles to the elms 
don of motion, but bent lankwiuds slightly 
as they appioacli and eouleson with the 
chvoigont waves These waves have a definite 
length between consecutive eiesl hues, given 
m feet by 2 ttV* j A/, wheie V is the ship's spout 
m foot pel second, and sue tussive waves \ try 
in height m the mver ho latm ot the square mot 
of thou distance fmm Home point in I he bow 
These avuvos am known as the how iimmotf-e 
waves, and am most leaddy wen m profile 
along tlu v side of full ended ships, am Ji ,m 
ocean eaigo veasela having long lengths of 
parallel body, whoa foued above (heir nilum] 
oi economical speed The outei end of cmh 
transverse wave is assoi uited with a diveigenf 
Avave, and minims associated with it at all 
speeds, i r as the diveigenf wave moves out 
along the diagonal hue, the ItiuiHvoise wave 
(hops aft and meieases m hniglh of ocht line 
These two sets ot waves together constitute 
die principal wave features of (ho how, ami 
am known as the bow wave svstem Tim 
middle jxntion of a ship, throughout wlmh 
the section mmaius (he mine, does not gnm 
use to any additional waves, but at the alter 
ond ano( hoi wave system, lomuHting of 
divergent and trunsveiso waves, is funned 
the ti an s verse waves, in (Ins ease, mmmeme 
with a trough, which tends to form whom 
tho floctions oi the ship begin to induce m 
area, and is followed by a meat at the stem 
post ihc divergent system oommenmi at a 
varying distance abaft (he flmt trough, but 
ls^hfirdly visible m a, well designed low speed 

jw CBrAnAOTimiHTO* oil 
ht /llrt WftV( ‘> a1 ' U»« 1 k.W or n 

w-sjicccl Hlup, i„ Konomliy ml Id (l .. htlW 

neSv ,. W T J ‘, ( ' Ut>n,lH wnm 1h< ' 

nea,]y at right angle to the middle Ium, «,th 
the outboard ends curved hark, fmnmnUv 
foaming along tho front slope <>£ tho ciewk 
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The j ent of the waves following the bow 
breakei aio different in character, their ciestb 
being concave outwards, all of them making 
a much smaller angle with the direction of 
motion Each succeeding wave is longer and 
snuilei m height than the one in fiont of it 
The peipenclieulai distance between the crest 
lines of consecutive waves when clear of the 
ship, is given by (27 rV*/<j) sm a /3, their velocity 
measuied in the same way being Vsm/k 
wliero V is the ship speed m feet per second, 
and (3 the angle between the crest lino and the 
clnection of motion 

A straight lino diawn fiom the bow through 
the points of maximum height of all the 
divergent waves on one side of the bow, 
makes an angle with the middle line approxi- 
mately one-half that of tho individual crest 
linos, and this relation holds good at all j 
speeds Increase m speed decreases all the ' 
ciest lmo angles, and m vessels of moderate 
speed tho bow breaker becomes similar m 
character to tho other echelon waves 
At low speeds all tho par tides foimmg theso 
waves maintain their general position relative 
to each othei, but with moioaso in speed the 
particles of the surface levels near the stem 
move out and m very rapidly, as well as up 
and down, as the divergent wavo crest passes 
At still higher speeds, only tho outward and 
upward movemont remains, and in such vessels 
as destroyers and hydioplanes, the surface 
levels at the ciest of tho pnmaiy how divergent 
wave consist of water thrown out m a curling 
broken skeam from tho ship’s bow, and 
tho enoigy m this water is lirocoverably 
lost 

The angles between the ciest lines and tho 
lmddlo lmo of tho ship vary iiom 10° m a de- 
stroyer travelling at .35 knots, to 26° for a liner 
at normal speed, and .3.3° for a lull-ended ocean 
cargo vessel at about 10 knots Sharper angles 
to all tho level lines oi tho foie end of tho ship 
usually pioduco smaller angles of divergence, 
and dimmish tho height of tho bow breaker 
ind tho amount of broken water along its 
or win d odge 

Tho divergent waves at tho stern m low- 
}pood ships aio hardly noticeable, but when the 
mm has rapid diange m curvature as tho 
ines approach tho stern, a sot of divergent 
vavos becomes apparent, commencing with its 
>i unary crests a little abaft tho lust hollow 
if tho stein tiansveiso system Tho angles 
X the ciest lines and other char actenstics aro 
uaotieally tho same as those of tho bow 
ystem lu high-speed ships tho primary 
rest of tho divergent system starts from a 
amt neat tho after end of the ship, and as 
otic oa bio at all speeds, but its importance 
miimshoB with speed 

§ (2(1) C'nAEAOMinsTres otr Transverse 
/'ayes — Each wavo of this system is of finite 


length measured along its crest In contour 
these waves depend to some extent upon the 
ship’s form, but they are usually much 
steopei on the forward than on the after 
slope They are not so well marked as the 
divergent waves at ordmaiy speeds, but owing 
to the laiger amount of water involved, the 
energy they absorb is considerable 

If the bow is sufficiently lemoved from the 
stern for the motion set up by it to be negligible 
there, then two complete wave systems are 
formed As a rule this is not the case, and 
the waves seen at tho stern are the result of 
the two systems coalescing They naturally 
vary m height and position with the ship’s 
speed, length, etc But for all moderate 
speeds the positrons of the bow r and stern 
pressure systems accompanying the ship do 
not change materially as the speed vanes, 
and the primary bow crest and primary stem 
hollow always tend to form at the same posi- 
tions along the ship’s length Observation and 
analysis of many expemnents have showm 
that the distance between a point half way 
between the pnmaiy bow crest and hollow, 
and the trough of the pnmary stern wave, 
can be expressed m terms of the ship’s length 
and fulness, and is given by d—p L, where 

L is the length of the ship , 
p is the prismatic coefficient, or the ratio 
of the immersed volume to the pro- 
duct of the length and largest section 
area, 

so that d is the displacement divided by the 
largest section area 

The height of the resultant crests will depend 
upon the phase difference between the two 
systems If Ui x is the depth of the bow 
system wave hollow at the stem, and 7i 2 the 
stern system hollow, assuming the waves are 
trochordal m contour, the depth of the re- 
sultant w r ave formed will be given by 

7i a =5 IVi i 2 + + 27. hJh co & ( 1 ) 

whore I)~c7- J(27rV 2 )/(7, oris a measure of the 
phase difference of the two systems 

Tho fluctuations produced m the height of 
the following waves when the phase difference 
of the how and stern systems is varied, can 
be seen from the wave profiles given m Fig 6 
These results were obtained with a series of 
ship models having identically the same bow 
and storn, between which varying lengths of 
perfectly parallel body were introduced The 
dimensions of the form are given m the figure ; 
tho speed at which the measurements were 
taken was 340 ft per minute The positions 
of the pnmary bow and stem waves weie 
unaffected by the amount of parallel body 
between them The actual stern system is 
hidden m the model, but careful analysis 
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of the different combinations shows that the 
primary stem waves are as dotted m the 
figure, and tho combination of these with the 
actual bow system, gives the final set of waves 
at the after part of the ship 0 
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$ ( 27 ) Energy absorbed in Waves — 
Every wave created by any disturbance of 
the water surface involves the expenditure of 
an amount of energy, and if the wave con- 
tour is trochoidal, this is given m foot-pounds 
by 8L/i 2 (l -7r 2 Zi 2 /2L a ) per foot run of wave 
created, wheie L is its length and h its height 
in feet 

Approximately one half of this is absorbed 


m potential eneigy, tho half height of the w avo 
fiom cicst to hollow being 7r/t 2 /4L ft above 
the still-water level, and the otliei hall m 
kinetic eneigy involved in the rotaiy motion 
set up m the watei Amongst a group of 
unifoim waves, each particle le- 
tams its eneigy of motion, but 
its potential eneigy depends upon 
its position When a pat tide is 
to the tear of its mean position, 
it is always tuqini nig potential 
eneigy as it uses to the ciest, 
and it gives this np when it is 
f ot waul of its mean position as 
tho back slope of the wavo passes 
In this way part of its eneigy 
is transmitted through the waloi, 
and the speed af which the whole 
group cantiavol without a supply 
of energy fiom external souiccs 
will depend upon the relation 
between tho energy so tians- 
mitted and the whole eneigy in 
the waves In tioehoidal waves 
this is one half, and a gioup of 
such waves if left to it bell will 
advance at one half the velocity 
of the individual waves At oach 
end of such a group thoro will ho 
two ot thi eo waves ol diminish- 
ing height, but otherwise tho 
wholo gioup will maintain its 
uniform height and character foi 
considerable distances 

If a tiavollmg disturbance is 
creating such a group of waves, 
tho foie end of tho group must 
move with the velocity of tho 
disturbance, i o the velocity of 
the individual weaves, hut well 
clear of tho distui banco the gioup 
well move as before with one 
half this velocity, and tho length 
of the group will increase at 
a lato equal to ono-half the 
velocity ol tho disturbance 
The energy required m unit time 
to enlarge tho gioup m this way, 
divided by Iho velocity of the 
distui banco, is the wave resist 
anco encountered by it In a 
ship tho w r avos formed aio 
not necessarily tioehoidal or 
uniform, but their general 
characteristics aie the same, and the ship- 
wave resistance is goveinod by Iho snme 
considerations as detailed above foi a 
regular group, and the fluctuations m 
wave height of the final group at the rear 
of the ship should bo reflected in the ship 
resistance 

Havelock has shown that a travelling 
pressure disturbance similar to those of Fig, d 
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\vill create ^aves and experience lesnstance 
winch will vai y vvilh 

1 ^e~ am? ( a(, \ 

o 1 v 1 vv-y ’ 

where a is nearly but not quito the longi- 
tudinal distance between the maximum and 
minimum values of the pressure, and A is a 
measure of the magnitude of the pleasure 
If A bo lal on to vaiy with the square of the 
velocity, as would bo the case for a submcigcd 
body, the resistance consists of an exponential 
teim and an oscillating faetoi The combina- 
tion of two such pi os sin o distiu bailees, the 
rear one of less magnitude than the forward 
one, gives a number of Icims containing the 
same exponential function, added to teims 
with oscillating fac tor «» m them Those oscilla- 
tions leac h a maximum when, waves aie formed 
of length «KoiiGspondmg to the distance be- 
tween the two piessuio humps, or a pressure 
hump and hollow at one end — particularly 
the bmv 

^ (28) — The ofloct of the fluctuations m 
wave height upon the resistance can be seen 
flora, the lowoi pn.it of Fiq b Tins shows 
the residuary resistance of the models at tho 
same speed at which tho waves m the upper 
part of tho flguio were moasuiod TJio wavo 
coutmus maikod A, P, etc , coi respond to 
abstissao maikod A, B, ( ( , etc , in tho lower 
pait of tho figure When a t lough of the 
bow system combines with a primary stem 
trough, it produces a largo wavo and a maxi- 
mum resistance Tire aim of the designer is 
therefore to choose such dimensions and form 
that the lesultant w wos formed at tho usual 
or sen vice speed are of minimum height, i e 
that D of equation (l), § (27), shall bo equal 
to 2a f-1/2 (wave-length corresponding to tho 
speed) or (2rH-l/2)(7rV a /{/) This can be put 
m a somewhat different and inaction! form by 
writing 

0 __ J wtue length at. s peed V 
V prismatic cooffu rentx length 


whom V is tho speed m knots and L tho ship 
length m feet 

her minimum wavo resihtanco 

I 


~ n/ 1 ,, tj}, n/i’i, ote. 


and for maximum wave resistance 


Tho highest speed Cm a maximum resistance 
is givon by (p)=U 5 to 1 0 This holds good 
for all destroyers, motor boats, ote , and any 
growth of wave resistance beyond this speed 


will be continuous When the cosine term 
m equation (1), § (27), is mo, the rosultant 
wavo resistance is that duo to the bow and 
stem added together, and is equal to that 
which would be obtained if the middle parallel 
portion was long enough to enable the weaves 
of the bow system to spiead, so as not to 
mteifcre with the stem system Tho speed 
length values at which this occuis aie given by 

(P)*=\/i, n/«, \^, etc 

(29) — A second foim of mtoifoienco 
amongst the waves f mined by a ship is duo to 
rapid change in soctional aiea of eithei end, pio- 
duemg a maximum negative pleasure close to 
tho maximum positive pressure of the end 
When the spoed is suihciont to foim a wave 
with ciest and hollow approximating to theso 
maximums, tho resistance will me lease at a 
greater rate If this form is associated with 
double cuivatmo of tho load watei lme, two 
sots of divergent waves may bo formed, one 
as usual neai tho stem and tho second near 
tho point of inflection of tho wator-lme The 
fiist sot will have the smaller obliquity to the 
direction of motion because of tho flnei angle 
at tho stem, and these may cross the second 
set, giving use to an mtorfoienc e effect similar 
to that of tho tiansvoiso waves The usual 
losult of such mtoifoienco is to produce an 
in crease above the normal resistance at some 
paitieulai speed It is difficult to give any 
accurate fommla for tho speed when these 
olfcots occur, but an mar ease m resistance at 
a speed given m knots by 

V= 1 08 ^length of tapering foie part of ship 

is usually found to bo duo to tho form of tho 
bow being imsatisfactoi y m this respect 

(30) Eiwhot ov Type and Form on 
R MSI, st a mm — To foim a correct estimate of 
tho effect of any form ohaiactonsiic, it is 
best to lcduoo insults to some standard foim 
Ship - ww stance values are therefore usually 
plotted as (tT) ordinates to an abscissa of oitliei 
(7), V/s/L, or (lv), whoio 

(K) is tho ratio of tho ship’s speed to tho 
spoed of a wavo whoso length is one 
half the hi do of a cube having contents 
equal to tho ship’s displacement, 

or ®= 

and 

losistanco At) „ Jror se-power 

(Ons * /^j 5 ** 27 1- - > 

displacement x Qv) A > x V J 

(?) is as defined in § (28), 

V being speed m knots, 

A displacomont m tons, 

L tbo length of tho ship m foot 
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Typical curves of ^6) are given in Fig 7 
A constant value of the (cT) oiclinate means 
that the resistance vanes as the square of 
the speed, and the absence of any serious 
wave -making If m such a case the (^) value 
is high, this usually means that the vntual 
size of the ship is greater than the actual, 
owing to dead watei oi eddy formation, either 


Typical © values for Ships 
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at the upper levels at the stem, or due to a 
too abrupt turn of the bilge lines 

At low speed the skin f notion should 
account f oi some 84 to 9 1 per cent of the whole 
resistance, the former figure holding good for 
cargo vessels and the latter for narrow and 
fine lined vessels Since frictional resistance 
varies with a power slightly less than the 
square of the speed, the ordinate of the (0 ) 
curve should dimmish slightly as the speed 
is increased, until wave-making makes itself 
felt Divergent waves show themselves by a 
steady rise m the (cJ) value as speed is increased, 
the rise commencing at quite low speeds 
§ (31 ) C mao Srtrrs — These are not intended 
for more than 13 knots on a ship length of 
400 ft A single hump m the (JT) curve usually 
denotes the presence of a marked entrance 
wave, due to the bow hues being too fine or 
hollow Such vessels require full (and some- 
times convex) bow level lines neai the surface, 
associated with finer lines at the lower part 
of the ship This produces V-shaped bow 
sections with oonsidciablo flare, a result which 
can also be obtained by raking the stem 
forwaid and upward In tins way the positive 
pressure produced by the lower levels is under- 
neath and tends to countei balance the negative 
pressure of the upper ones, and the net result 
is to reduce the bow breaker (see § (25)) and 
its succeeding hollow, and at the same time 
ensuie that the second bow divergent crest 
is well away from the form In vessels of 
this type, for simplicity of construction, a 
considerable portion of the length amidships 
has the same cross-section This portion 
requires to be shaped into the tapering 
entrance by very gentle curvature, particu- 
larly at the bottom, so that there shall be no 
locality of high-pressure change 


The stern lines me usually settled L>v the 
consideiations given m the section on eddy 
xesistance A length somewhat gieatei than 
that of the entiance is usually leqmicd, and 
it follows that the bow waves are always of 
more impoitance than the stem ones 

§ (32) Moderate Speed Ves&i l& — This class 
includes the intermediate passenger stoameis, 
fruit and meat steameis, and others v oikmg at 
speeds fiom 13 to 17 knots foL a 400 it ship, 
or at values of 55 to 7 Thei o is a coi taui 
length of both entrance and iun necessary to 
avoid abnoimal wave-making Tins should ho 
a little greater than that given by the formula 
V = 1 08 being the length of entiance 
oi run The ti insveiso waves depend largely 
upon the longitudinal distribution of the dis- 
placement, and the shape given to the load 
water-line The foimei is usually shown by 
a curve whose abscissa represents the length 
of the ship, and ordinate at any point, the 
area of the immersed cross -section at that 
point This curve requires a slight hollow m 
it at both ends, the points of inflection being 
drawn as near amidships as possible so as to 
secure long ends Tho stei n watei lines should 
he as straight as possible Tho bow lines 
should be either quite straight at the ends oi 
slightly hollow, accoidmg to the featuios of 
the form and the speed 

§ (33) Liners, Cruisers, and Iliuir-SPEED 
Mercantile Ves&lls and Steam Yachts — 
These have speeds m tho neighbourhood of 
(5?) values of 8 to 1 1, oi, roughly, 17 to 23 
knots for a 400-ft ship It is essential m 
these that the product (pL) shall be so air tinged 
that the service speed gives a (V^ value of tho 
light order for minimum wave-making (see 
§ (28)), which for these vessels means plac mg 
the second cicst of the bow tiansvei so waves 
as near as possible along the beginning of 
the run, or somewhat alt of amidships, whom 
it frustrates the formation of tho stern system 
Fine forms are necessary, and the curve of 
areas should bo markedly hollow at both 
ends, the stem being somewhat fuller than 
the how, and the point ol inflection m tho 
curve should he kept well towaids amidships, 
there being no parallel middle body Tho 
load water-lmo at the foio end should he 
hollow to keep down tho divergent waves, 
and this with the long entrance keeps the 
bow wave system small Filling out the ends, 
particularly the bow, is always bad, and it is 
better to use fine ends associated with a laigo 
midship section (winch can be made almost 
rectangular) than to cut away tho midship 
section and fill out the ends 

§ (34) Channei and Mail Steamers — 
When the speed is materially m excess of 
unity (p) value (which for most vessels of tins 
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type means a speed m knots about equal to 
the square root of the length over all) the 
hollowness of the ends of the aiea curve must 
be eliminated The fine angle of the entrance 
is still required, but the load line should bo 
practically straight for some distance from 
the bow, and its maximum oidmato should 
1)0 well aft of amidships A ciuisei stern, 
? e a stem of which the surface water lines 
extend some distance aft of the rudder and 
the lower levels, is of gicat advantage to these 
vessels, as it mci eases the vu tual w avc-raakmg 
length, and enables the cut vatu re of the 
stem lines to bo kept much easier than is 
possible with the vertical stempost and the 
usual over hanging mercantile stem well out 
of water 

§ (.15) T B Destroyers and Hydro- 
planes — At vc iv high speeds, two things may 
happen with any vessel The hydiodynamic 
pLessuics may he sulhcient, and the foim may 
bo adapted to make use of them, so that the 
ship is lifted to and mppoited at the suifaco, 
and “ planes ” at the top without serious 
wave-nmkmg Alternatively it may continue 
to cleave through the water at all speeds 
In tins case the divergent w r aves at the bow 
continually mcieaso, but tlio pinnaiy hollow 
of the how system is now at 01 abaft the 
vessel’s stem, and bow and stem tiansveiso 
waves tend to cancel one anolhci A typical 
© Giuvo (A) is shown m Fuj 7 The diop m 

©) value at top speeds will continue so long 
as the cancolment of the tiansveiso waves 
and the general diminution of their height, 
due to their high speed, exceeds the growth 
of the divergent wave's Length oi watei-lme 
entiance and hue angles lot ward aio essential 
if the how divergent waves aio to he reasonable 
Alt, tho watoi -lines may bo quite full with 
an abrupt finish All tho Htioam -lines ncai 
the stem now tend to fmm m planes pamllel 
to tlio central plant' of tho ship, and to avoid 
rapid pressure change's at tlm stem, veitieal 
ioio and aft sections of tho foun (called 
buttock lines) should bo fauly Jlal, tlio slope 
from tho water hue at tire stem to tho keel 
being as small as possible The essential 
faetoi m tho attainment ol high speed is 
tho ratio (displacement) ’/length Tho moio 
this is i educed, the loss is the hoiso-power 
pel ton reqiuicd to piopol tho vessel at those 
high speeds 

If the vessel lifts to tho suifaco it is called 
a hyilwplime finch a vessel skimming on tho 
siiifac o of tho watoi represents a smglo-prcsHuio 
diHtuz banco, and tho energy involved m what- 
ovei wave's or stream-lino motion aio set up 
is not recoverable m any shape or form 
Tho lines along which tho water will flow 
must bo given the smallest possible curvature 
and small angles to the horizontal Mat 
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ctoss-soetions, meeting the sides at a sharp 
angle, give tho host result, hut aie not suited 
foi meeting rough watei, and m practice a 
compromise between tins and tho oichnaiy 
flaring ship bow must be adopted The sharp 
comers where the bottom meets the sides — 
called tho “ knuckle ” at the stein and the 
“clune line” forward — is necessary to cflcc- 
tively beat down tho wafer Without them 
water would elmg to the sides of tho boat, 
and as speed is mei eased would mount up 
and ultimately swamp it Tho chine line 
should bo quite full m plan, lifted above the 
watei at the foie end, and should be ananged 
so that when skimming on tho water it makes 
about 3° to 4\° to tlio horizontal Below tho 
clime tho bottom must bo ananged to prevent 
the formation of divergent waves, ? e the 
sections must bo given, a flat fotm just under 
the chme If for the sake of longitudinal 
stability, or to attain gieatoi lifting powei 
and elhuency, the planing bottom is broken 
into two paits by working a step acioss it, 
the vessel will travel supported on this step 
and tho tip of the stem Tho step should ho 
placed about amidships, and should bo such 
that tho longitudinal tangent to the planing 
bottom at the foio side ol the step makes 
only a small angle with tho lme joining the 
step and the tip of tho stem An must bo 
admitted to tho bottom abaft the step, other- 
wise considoiable suction wall be developed m 
this legion, and the greater the supply of 
an, so long as thoio is no mteifoience with 
tho stioam-hno flow, tho better is tho per- 
formance 

§ (3G) Shoal Water, Canal Walls, and 
Resistance — Whon tho water m which a 
ship woiks is ol finite bioudth or of small 
depth, tho shape of the stream lines rs neces- 
sarily driloiont from those in an infinite fluid 
Tho gonoial character of this alteration is 
shown by Fiy 5 Its effect is to pioduoo a 
longer* belt of induced piessuio along tho 
middle portion ol the form, and a gieatei late 
ol distention of tho streams at tho ends 
Those change's have a thioofohl effect upon 
tho resistance of tho ship. The fen moi involves 
gioator mean relative velocity of tho water 
past tho ship, and, thoiefmo, an mcieaso m 
tho factional resistance ol about the same 
percentage at all speeds, since the effect 
depends only on tlm boundary conditions 
The mw eased into of distortion at tho ends 
involves a less perfect replacement of tho 
water behind tho slap, and this also means a 
constant percentage mereaso m resistance at 
all speeds — as long as eddy resistance vaucs 
as tho speed squared Moroovoi, any gieat 
distention of the streams at tho stem rondeis 
them moio or less unstable, and is liablo to 
produce bad manoeuvring of tho ship Ex- 
periments havo shown that to avoid all suoh 
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boundary effects a width of channel equal to 
eight beams is required m deep water, and a 
depth of about six diafts for a cargo boat, and 
7 5 drafts foi a liner, with plenty of breadth 
m the channel 

Both the above causes of resistance are 
fully developed at low speeds To them must 
be added the larger waves formed due to 
the greater disturbance and rate of change 
of pressure This effect is evident at speeds 
given by 

V 2 knots=5 0 (depth of water in feet) 

and increases contmuously up to a critical 
speed given by 

V J knuts= 11 5 (depth of watei m feet) 

The constant is slightly lover when V is high 
compared with the natuial wave-making speed 
of the ship, i e when it is a little above that 
giving a (^P) for maximum wave-making At 
the critical speed the resistance is abnormally 
large, exceedmg the deep-water value m some 
cases by 60 to 100 per cent At still higher 
speeds this mcrease rapidly dies out, as the 
transverse waves are greatly diminished m 
height, and ultimately becomes somewhat 
less than m deep water 

The general effect of breadth of channel, 
apart from that already mentioned, is to 
augment whatever wave-making would nor- 
mally be present, and to produce these waves 
at somev hat lower speeds than m open watez 
If both depth and breadth are restricted, an 
area of channel 200 times the laigest immersed 
section of the ship is required to entnely 
avoid mcrease m resistance at low speeds 
With a channel of one-foui th this section the 
mcrease at low speeds was about 8 per cent 
m two cases tried, but increased very much 
at speeds producing shallow- water waves 

VI Propulsion op Ships 

§ (37) Theoretical Considerations — 
This can be effected either by such mechanical 
means as a tow rope, an endless chain, oi by 
poling — methods only feasible m inland 
waters— or by means of either of the two 
fluids m contact with the ship, i e the air and 
the water With either of these, a forward 
thrust can only be obtained by the production 
of a change of momentum having a sternward 
component This sternward momentum may 
be produced m the air by the action of sails, 
or m the water by oars, paddles fixed to 
rotating wheels, a screw propeller, or the 
ejection of water from piping , but whichever 
propulsive agent is used, for efficiency the 
change of momentum must be as nearly as 
possible in the direction opposite to the Ime 
of motion, and must be effected with the 
least possible shock 


I If Uw the fctcimv.mf vchi< ify imji.u titl In 
the fluid, 

Q is the quantity cl fluid at led upon 
pci second, 

Vis the relative volout\ of the imptlho 
and the uiidinttn lied fluid, 
w is the weight of unit volume ul (hr 
fluid, 

the thrust T of the liiipollei v ill bo given b> 
T="’lTQ 

The useful woik done equals 

T vJ"'QW 

With no loss clue to hIkm k, (1 mm 
enoigy m the nice duo lo the | w* 
velocity U impaitod to it is | 
tho only and inevitable Joss ' 

and the efficiency thoiolojo equals 
V 

v+fiw 

This implies that anohnll llm veined V U 
is impaitod to the waits i l)V tho luno jl luts 
leached tho piopcller, and tho ollioi half after 
passing through it 11 the m<o is roluhonuf, 
and the angular and translational \elneiluM 
aie assumed to ho tho name lluouglumt it. 
the equations foi tlmmt and offiueney become 

efficiency (f 

where s=U/(U-i V), ? ih tho external radius of 
the race column, and co its angulai velocity. 
It should bo noticed that the loss due to 
rotation varies with ua/ U, which m tho tangent, 
of the inclination of tho spnal path of the 
tace particles with tho lmo of motion 

Tho quantity 3 is tho i atio of Urn slur award 
velocity imparted to tlio fluid by tho tuipellei 
to the resultant velocity relative to tlm im* 
pelloi of tho stomwaicl flowing stream, and m 
clcaily connected with the slip ratio, an 
defined m § (41) 

Ear maximum efficiency two eondiitouH 
must be satisfied 

(i ) The momentum must he imparled only 
m a stem waul direction, and without any 
loss of eneigy m shock duimg tho aeeelemliou 
of tho water sot m motion 

(n ) The sternward velocity imparted to tlm 
water must bo a minimum, or for constant 
thrust the propeller mu»l at t upon as huge a 
body of water as possible. 

If the momentum is imparled middvnhf in 
the water, the mean velocity of tho water 
past the propellei becomes (U \ V). The 
useful work remains the same as before, hut 
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iiiiG work put m is now T(CJ+ V), and tho best 
efficiency becomes V/(V+U) In tins case 
the whole velocity U of the iace is imparted 
to the water at the piopellci 

There are othoi losses m propulsion, chtfci- 
ing aocoidmg to the mechanism used Chief 
among these are those due to friction of tho 
piopellei surface and tuibulent How produced 
in impelling the water, but these equations 
sei ve to show broadly on what factois ofhcioney 
depends 

§ (38) Screw Propeller — These equations 
hold good irrespective of the form of pi opeller 
pioducmg the momentum, and may ho applied 
to piopulsion by oais, by paddle wheels, jot 01 
sciew piopollois Of these deficient mechan- 
isms foi propulsion by fai tho most impoitant 
m actual practice is tho sciew pxopollor 
This consists of a senes, usually thieo or foul, 
of fan shaped blades which lotato at tho stern 
of a ship about an axis parallel to the keel, 
and are so shaped as to piodueo by thou 
action on tho waloi a thuist which pi opals tho 
slup Owing to its laigo diamotoi the piopellei 
acts upon a laigo quantity of waiei winch it 
mi] ids to the leax with a steady thiust, this 
stemwaic! movitig waloi foumng a fauly well 
defmod column at the jetu of the ]>Joj>ellei 
called the “iaco,” oi slip stieam It is this 
steadiness of its thiust which sepaiales tho 
sciew fiom tho paddle and still moie so fioin 
tho oai (see ^ (53)) 

A somewhat hettei method of considering 
the efficiency of a snew piopellei than tho 
gcneial one aheacly given is clue to Malloek 1 
A pjopclloi is made up oi a numbei of blades, 
and oaolx blade may bo consideied as nmclo 
up of a numbei of amutlai strips whose 
sections are knowm If such an elementary 
annular stup is moving along tho axis OY, 
and is lotaimg at tho same time about an 
axis parallel to OY, its path then will bo 
along a line OX, and wo assume this is inclined 
at a small angle to the choid of tho element 

Its motion will bo losisted by a force It 
acting in tho duoction NO , let DM lopioseni 
this Joice It will also be sub]oot to a foioo 
L due to tho piessuio of the watoi at light 
angles to ON icpi osonted m ft iff 8 by AM, 
A being a point on tho lino of motion OY 
Now tho foico AM is ocpuvalont to MO and 
OA, thus tho ion os aio DO and OA, and of 
those DO is ocpuvalont to BO and DB Thus, 
resolving tho imeos paiallol and poipondum- 
lai to OY, wo have lot tho components m 
these two dn ec lions BA and DB , of those 
BA represents the lluust duo to tho olomont 
and DB a fono at right angles to tho direction 

1 TnU Naval AnJntvUs Turin 1 19(5 Per other 
ihcoiics of sciew in opeller actum lefeienee should 
he made to the following Theoiv of Cottoiill, Inst 
Naval Ar claim ts Tram \\ , R JO Pnmde, ibid xix , 

\xx,\\xlii (heenhill, ibid xxix , Hencleison , %lnd 
lli lv , Jlankinc, ibid vi 


of lotation lequiiecl to keep tho element in 
rotation 

The efficiency of the element as contribut- 
ing to the thrust is given by the ratio of the 
components of these forces 
normal to ON, ioi the 
components m this dnoc- 
tion do no work on the ele- 
ment Thus the efficiency 
is EE/ED 

Now let a be tho angle 
which the direction of 
motion ON makes with 
the nonnal to OY, and (2 
the angle given by tho 
i elation tan ^=R/L Then BAE^a, and 
FAD=p Also BDO = a 

Again FD—BI) cos a = AB tan (cH-/f) cos a 
and E E = pei penchculai f i om B on AE « A B tun a 
Henco 

EE AB sm a 
m^omy= lfD = A]j 00 - 3 - a 

tail a 
"“tan 

Provided that It and L aie known, l ho 
elhcioncy and thrust of evoiy olomont ol 
a blade can he determined, and by mtogia- 
tion that of tlio propeller is found There 
is a laigo amount of data of this kind for 
aoiofoil sections, hut when applied m tlim 
way to piopellei calculations gi eat caution 
is i equat'd Duo allowance must bo made 
m tho values of R» and L foi the mtoifcwenoo 
of ono hlaclo with anothoi, foi tho olloet of 
ahaj jo of blade and its “ aspect 55 latio, and 
tho laigo vanation of velocity and piessuio 
in the fluid at diffoient ladu As a i ulo tlio 
method is fairly good foi ofhcioney oaloula- 
tions, but is not accurate for quantitative 
thiust data, foi which iocomso must bo mndo 
to expomnents 

§ (3D) Hohew Puor mller Exrimxivi unth — 
Tlioso are nocossanly made on a small scale, 
but oxponmonls by Tayloi 2 and (lobois 0 
liavo shown that the scale effect feu watoi 
propolleis m passing from 3 to 12 m diameter 
and from 8 to 21 m diameter is very small 
— loss than 2 per cook Tests with an pro- 
pellers of (a) 2 and 15-ft diamotoi b, and (b) 
0 2 and 14 -it diamotoi s have agreed to 
within 3 to 4 poi cent It is generally accepted 
theioforo that model oxpeiunonts can bo used 
for estimating both thiust and efhcienoy of 
full-sized ship screws 

§ (40) Water and Air Propeller Dimim- 
EjsroES — Although the undei lying theory Jor 
both types of propolloi is piocisely the sumo, 
tho propellers themselves differ in sovoml 
impoitant respects Theso differences aio 
brought about partly by tho conditions under 

9 Am Hoc, Naval Architects and Mar Tiny, Trans 
xlv 

3 Schtjfbau- GmUschaJt Jahrbuch, 1910 
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which they luwe to woik, partly by con- 
si delations of material and construction of the 
piopelleis themselves In an air propeller 
compaied with a water propeller — 

(i ) The total thiust for a given diameter 
is relatively small 

( II ) The volume of an dealt with m umt 
time is laige, hut owing to its low specific 
giavity its mass is lelatively small, hence 

( III ) The attainment of high thrust per 
unit aiea ot blade, with reasonable efficiency, 
requires high axial and rotational velocities 
compared with those of a watei propeller 

(iv ) Cavitation can only take place in the 
air at excessively high velocities, whereas m 
the watei there is a limiting change of piessure, 
or thiust per unit area of blade, "which can be 
produced at any part of the screw disc without 
a breakdown in the flow To avoid this in 
high-speed slups the propeller blades are given 
wide tips "with thick roots, and these represent 
a considerable departure fiom an an screw, 
although reasonably good efficiencies are 
obtained with them 

(v ) The air piopcller is much more flexible 
At and above normal speed of advance, at 
thrusts involving a slip of about 30 per cent, 
the blade bends and the pitch may change 
With a watei propellei thei e is very little move- 
ment, owing to the rigidity of the material 
from which it is made 

§ (41) Elements op Propulsion — Defini- 
tions of terms used 

The di wing face or fiont of a sciew blade 
is the surface seen when looking from aft to 
forward 

The duvmg face is usually helicoidal in 
form, and a blade of uniform pitch is one 
whose face is a portion of a true helicoidal 
surface 1 

The face •pitch of a propeller is the distance 
parallel to the axis of rotation thiough which 
a point on the face would advance m one 
complete lotation of the generating line of 
the helicoid 

If a propeller, considered as a thm sheet, be 

1 A helicoid is tlic stirfac e tiaced out by a Btiaight 
line one end of which moves uniformly along a 
straight line — the axis of the sciew or helicoid — 
while the line itself rotates uniformly about that 
axis 

If \ e imagine a circular c\lmder described about the 
axis of rotation, the rotating line will cut the cylindci 
m a helix oi spiral curve which is inclined everywhere 
at the same angle to a plane at right angles to the 
axis, so that, it the cylinder were cut open by a 
line parallel to the axis and developed into a plane, 
the trace would develop into a straight line inclined 
at a constant angle to the base of the cylinder , let 
this angle be a and let the diameter of the cylinder 
be d 

The distance, measured parallel to tlie axis of 
rotation, through which the rotating lme moves 
during one complete rotation, is known as the pitch 
of the helix or screw , if p be the pitch then clearly 
from a consideration of the developed cylinder we 
have p — ird tan a The ratio of j) to d which is ecLual 
to it tan a is known as the pitch ratio or pitch 
diameter ratio of the lielix 


made to move thiougli the watei so Unit its 
advance foi each com pie to rotation is equal 
to its pitch, every point on its am faco will 
movo parallel to the suiface At no point 
will any blade have a component of velocity 
normal to its suiface, and the piopellei will 
oxeit no tin list on the watei Wo might 
define the pitch of tho lace as the advance per 
complete rotation at which the blade eve its 
no thiust 

In practice, even if the face of the blade 
bo of constant pitch, tho back and edges of 
the propellei will have some oifcct on tho 
watei, but m all cases a speed of advance 
can be found for which tho thiust vanishes 

Tho effective mean pitrfi of a piopollor is 
the distance through which the piopellei 
advances m one complete rotation when 
producing no thiust 

The pilch ratio oi pikh diameter uitio is 
tho ratio of the pitch to the diametoi of the 
propellei , if eifectivo mean pitch be used in 
the numerator of tho ratio, it becomes the 
effective pitch i atio 

Slip and Slip Ratio — If P bo the pitch of 
the propeller as just defined, and N the number 
of revolutions per second, then PN will be 
the distance traversed per second when pio 
duemg no thrust , now V is tho distance 
actually traversed, and it is found both by 
observation and expenmont tliat tho thiust 
depends on PN-V This quantity is known 
as the slip, and its i atio to PN oi tho expression 
1-V/PN is called tho slip ratio and denoted 
by s 

The developed aiea is tho sum of the 
actual aieas of the blades n respective of 
shape 

Disc aiea ratio is tho ratio of tho developed 
area to the area swept out by tho tips of the 
blades 

Blade-width ratio is tho ratio of tlie maxi- 
mum width of blade along its smfaee, to tho 
radius of pxopellor 

Rale — A blade is said to be inked foiwaul 
or aft according as the conti e lmo of the blade 
at the tip is forwaid oi aft of the centra lmo 
at the loot 

Slew bad is tho displacement of tho contra 
lme of a blado from the normal to tho axis 
when viewed from aft It usually mci eases 
towards the tip, and is measured by tho 
movement of the tip, circumforontially flora 
the normal 

When a ship is piopollod by a screw the 
velocity and pressure changes which the sciew 
produces m the water m fiont of itself, a fleets 
the ship resistance Also the forwaid motion 
produced m the water by the passage of tho 
ship, gives rise to a following currant of water 
called the ship’s “wake,” in which tho pro- 
pellers have to work The net efficiency of 
a screw as a propelling agent will thorafore 
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depend upon these effects of sciew upon ship, 
and ship on sciew Let 

V be the speed of the ship m knots, 

N the 1 evolutions of the screw, 

T the thrust of the sciew behind the ship, 
which equals the icsistance of the ship 
with sciew working, 

R the resi Q tanco of the ship with no screw, 
S the shaft h p delivered to the screw 

Let the screw be set working without the 
ship being piesent, the same i evolutions being 
maintained, with the speed of advance adjusted 
to so that the thiust is still T, but the 
shaft h p absoibed by it is now If the 
conditions behind the ship weie uniform over 
the whole disc area of the screw, this speed, 
V lf would be equal to the mean speed of the 
piopollei thxough the water in the wake of 
the ship, and generally this is assumed to be 
the case The piopulsive efficiency of the 
screw behind the ship can now be written 



The last teim is the sciew efficiency m the 
open watei The other tluee terms express the 
effect of the ship and sciew upon each other 
Writing R/T = (l -t), t is a measure of the 
fi actional excess of the screw thrust over the 
tow-rope resistance at the same speed, V, 
and is called the “ thrust deduction fraction ” 
Writing V/V 1 = (l + w) > w is a measure of 
the f i actional excess of the snip speed over 
the velocity, V v which lepiesents the mean 
speed of the watei at the sciew, and is called 
the “ wake fi iction ” 

The teim S x /S is known as the “relative 
rotative efficiency,” and is a measuie of the 
relative poweis leqimocl for the development 
oE a given thiust at given revolutions in open 
unclistuibed water and behind the ship 

The propulsive efficiency can thoiofoie be 
wntten 

/ sciew efficiency \ / relative \ 

?; = [ foi uiidifituT bed 1(1 - 0(1 f w )( rotative j 
\ w atu c onditions J \ dTk lency / 

The piodueb (l~t) (l h w) is called the 
“ hull efficiency,” since it lepiesents the ratio 
of RV, the tow mpo h p of the ship, to TVj, 
the tin ust h p of the sciew, when devolo])mg 
in open watei at the collect revolutions, the 
thrust neeessaiy loi the propulsion of tho ship 
Tlio not propulsive efficiency of the ship 
will ho that oi tho sciew, multiplied by the 
mechanical efficiency of tho engine and tho 
transmission goal between it and the screw 
(42) Hem iow "Puoi’IjLT mis tn Ora Water 
— Tho general conclusions to ho diawn fiom 
both theory and experiment are 
(i ) That the thiust of a given screw at a 
given slip vaues as the square of the speed 
of advance through the watei, and at a given 


speed and slip ratio will vary as tlic squmo 
of the chain etei, D 

(u ) The thiust and efficiency of any gjvon 
screw will depend upon the slip ratio («s) 
coi responding to its i evolutions ancl speed of 
advance at any given moment Of tho oxperi 
ment lesults published, Ihoude’s, 1 Taylor's, 2 
Dmancl’s, 3 and Geber’s 4 are the most im- 
poitant To a large extent they cover the 
same giound and generally conoboiato each 
othei m defining the effect of pitch, width of 
blade, etc , upon the result obtained Foi nil 
practical purposes Eioude’s data may bo list'd, 
and his method of presenting results has been 
followed It should be noted that wild eas both 
Tayloi and Gebei use the face pitch of the 
screw m defining slip and tme pitch, Tho udo 
uses a pitch calculated fiom the i evolutions and 
speed of advance, so that slip shall bo /cm 
when thrust is zero This i^ moie in aceoid 
with sound theoiy, but the pitches obtained m 
this way require to be multiplied by a factor 
to get the face pitch of the ship’s sciew 
Eroude gives the face pitch as I/I 02 times ihe 
nominal pitch for oi dm ary sciew s, but it has 
been found that for small pitch ratios and 
large disc area ratios 1/1 04 gives bettoi ngieo- 
ment between estimate and slap trial i csult 
Ei oude’s experiments were made 'With 
screws of uniform pitch, having a diamotoi 
of 8 foot, mounted on the foie end ol a 
horizontal driving shaft clear of all obsinu* 
lions, the centie of the sciew being immersed 
8 of its cliamotei All the screws wore given 
a small boss 91 inch m diameter The thick- 
ness of each blade varied from a cpnto .small 
amount at the tip to 27 inch at tho i not 
wheie it joined the boss The thickest section 
was always at the centre of tho blade, and fit 
right angles to the axis of tho sciow Pjo- 
pelleis with three and four blades woio Died 
The outlines of the blades wcic generally 
ellipses, but foi somo of the thieo-blactod pio- 
pollois the tips weie mado specially wido Tho 
width of blade was mailed so as to covei a dine 
aroa ratio (5> (41)) from 3 to 75, and tho pitch 
latios covered a range from 8 to 1 4 Tho 
tin us ty obtained weie oxincssed m a for run la 
T n p-\ 21 1 026(1 - 08s) 

DW~ "p (1-s)- ' 

wheie T is tho thrust m lbs , 

V rs the speed of advance m unite of 100 
ft pet nun , 

P is tho effective oi analysis pitch, 
p m tho effective or analysis pitch lain), 
winch is equal to P/D, 

Bis a blade factoi depending upon tho 
number ancl type of bladow, and 
the disc aiea latio, 
a is the slip latio 

1 Inst Naval Au Infects Tram 1 
8 Am Hat NttmlArehxtaUandMar ling Tram \ii 
5 Research ? on the Strew Propeller 
1 Schiffbuu GebriPchaft Jahrbuch, 1910 
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Tins formula is based m part upon theoretical 
considerations If it be assumed that T foi 
unit diameter vanes as the shp and as the 
square of the speed of rotation of the pio- 
peller, then 

The area, and for given revolutions the 
velocity of the blades, both vary as the square 
of the diameter, hence 

T=oD*N s s, or JL= “ 

D-V“ p 2 (l~s ) 2 

Analysis of the experiments showed that a 
varied as p(p-f-21}, and with constant pitch 
ratio a small correction for shp was required 
B denotes the thiust capacity of the propeller 
as dependent on type, i e number, area, and 
shape of blades 

The efficiencies for screws having thiee 
elliptical blades and a disc area ratio of 45 
are given m Fig 9, each curve being for a 
particular pitch ratio All the curves possess 
the same general characteristics The maxi 
mum efficiency is reached between 20 and 25 
per cent shp, and falls off slowly at highei 
shps High pitch ratios give best efficiency 
at normal shp ratios, but their advantage 


suiface of both the lotmoi gives a hedmi 
thrust value B, and in some ease* (hn mil 
be utilised to impmvo t ho efficient \ , as, all 
othei conditions being the name, a nm illu slip 
is loquued for a given timed, and fm -.lips 
above about 24 pci unit (Ins menus Ik flu* 
efficiency In piaetieo, thoiefote, I Juno 1 1 \oiy 
little diffeience to be obtained on (Iuh sum* 

To facilitate the use ol the d tla loi whip 
calculation, tho lomiltH aio betkn t»\pn»* led m 
tcims of hoino-pnwei, iti 

If 11 = the thrust hoiso-power of I ho aeitui, 

% o the power it dehvon in fluusf, 
N = iovolutionn in mills ol 100 pi r 
minute, 

Vi -speed of hciow tluough wake* ualei 
m knots, 

T II 33000 
D J V J ~ !>%'" 100(1 OO) 1 ’ 

11 ■■ P - "<'«') 

li(p 1-21) w ' , “- (!-•<)•' 

NyJ) _ l 013 

"V i -,i 


or 

and since 


N, 


N-H p 1 


s{I - 08 *) 




7; 



decreases as shp mcreases and is gone at 40 
per cent shp For any other disc area ratio, 
a small correction is requned, th6 efficiencies 
decreasmg as blade area increases For 
wide-tipped blades a constant deduction of 
024 is to be made, and for four-bladed screws 
a deduction of 0125 m addition to the above 
disc area ratio correction 
Although a four-bladed, or three-bladed 
wide-tipped propeller, working at the same 
shp as a three-bladed elliptical propeller, has 
slightly smaller efficiency, the more effective 


Both X and Z are fun of ions of wlip, and a < un o 
of Z to a base of X is given m Fig. 9, Tho 
term V x is given by V/(T | w), wheio V jh (he 
ship s speed (sec Table II, foi w vain oh), mid 
m estimating ship jmwom H im UHiially taken 
some 7 per cent moio than the low mpo 
power, to allow for air lomstanee of upper 
works, rudder resistance, ole 
It should be understood that thene muills 
are for screws having clean smooth mu face* , 
Hie effect of a lough suiface is dealt with 
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§(43; VARIATIONS OF PROPELLER BlADES 
(i ) Bale and SLeiu Bad — Model experiments 
show that laking the blades foiwaid or aft 
lip to 15° has no effect upon either efficiency 
or tlnust m open water But rake aft is of 
consideiuble advantage m both single and 
twin screw ships, in keeping the blade tips 
away from the hull surface, where, owing to 
the factional diag, the feed of water to the 
blade tip is veiy poor Skew back oi bending 
the blades in a tiansveiso plane carries no 
jnopulsive advantages, but wheie there is 
any considerable amount of weed m tho watoi, 
it helps the blades to clear tliomselves 

(n ) Disc Area Ratio — Poi all practical 
pui poses tho efficiency of a piopellcr is un- 
affected by its disc aica latio, provided that 
it is loss than 5, i e provided that tho total 
aiea of the blades is less than one-half tho area 
swept out by tho tips With large disc aiea 
ratios the efficiency diojrs, paiticulaily with 
small pitch ratios Pioudo found that this 
loss was practically independent of slip, and 
gave correction curves foi several pitch latios, 
to be aiiphed to the standaid efficiency cuivcs 
of Fiq 9 Tins loss is chiefly duo to the 
reduction of the latio (blade width )/(gap be- 
1 ween blades) with increase of aioa It is well 
known from tests with flat blades m water and 
m an, that increase in this iatio icduces tho 
t hi ust poi unit aiea and the efficiency Tho 
r atio can bo written in the form ubji^iri sin a), 
wheie b is tho width of tho blades at ladiua ?, 
n is tho number of blades, and a is the pitch 
angle Incieaso of n oi b, and deciease in a 
(or pitch), wtl] llieicfoie have an adveiso 
effect 

Tho thrust of the screw drops with aioa as 
shown by tho B curve of Fuj 9, but tho thiusi 
X>oi unit aica increases, as the disc aica ratio 
cloci eases Excessively wide blades do not 
incieaso tho tlnust value of a screw materially 
This can bo improved somewhat by moving 
klie area out towaids tho lips of the blades, 
lurt such wide blades aio only used for tho 
avoidance oJ cavitation 

(in ) Vanable Pitch llaho — Eioude’s results 
ado for sciows of uniform pitch ratio Tho 
general effect of this factoi can bo seen fiom 
a study of Fiq 9 It is not uncommon for the 
jnich oi screws to incieaso from the leading to 
'tho trailing edge — a change which pi educes 
ra light hollow of the driving face Thorny- 
eroft tested tins on some model screws, and 
I ns results showed a slight improvement m 
ollieioney Tayloi lias tried tlio lovoiso, viz 
tx slight deer ease of pitch at the leading edge 
AVith a small pitch ratio ( 8) a little lmprovo 
ixiont js effected at mocleiato slips, but, with 
fx £>ilch iatio of 1 2 on the face, tlioio was a 
cvonoral loss of about 7 per cent at all high 
slips Tayloi’ a experiments with blades having 
rounded faces showed that to produce tho 


same tlnust as with flat faces, tho i evolutions 
had to bo liici eased — in some cases 10 to 15 
per cent, but theio is not sufficient data to 
clearly define the effect of gaming or decieas 
mg pitch (i e hollow or rounded face) on tlnust 

§ (44) Roughness of Surface oj. Blades 
— All the results given m § (12) aie foi sciows 
with smooth suifaces If these are made 
lough the efficiency diops Thus, with a 
piopeliei of 6 feet diameter fitted to a pm 
nace of 18 5 tons weight, giving tho propellez 
a surface equivalent to that of coaise sand, 
involved an mciease of 8 poi cent m tho 
revolutions foi tho same sjiecd as bofoie, and 
an increase oi the powoi at all normal speeds 
from 12 to 20 pei cent With small pio- 
pelleis 1 1 3 feet in diamotei, the same kind 
of toughness i educed the maximum efficiency 
fiom 72 to 3fi per cent The l datively gieatei 
effect pioduced hero was due to the size of 
tho particles on tho suifaoe being much 
greater compared with the dimensions of the 
pxoireller than m the foimoi case The 
same small piopeliei with a suifaeo as cast 
showed 9 pei cent less efficiency at small 
slips and 4 per cent at high slips, than when 
polished Allowing Jor mciease in si/e, the 
loss on a 10- ft diameter piopcllct with such 
a surface would bo of the order of 2 poi cent 

§(45) SOREW rilOl* ELLERS BEUJND BlIICS — 
The piopulsivo effiuoney has been shown to 
be equal to the product of the sciew efficiency 
m the open watoi and three otlioi tains, 
vi/ (l-f-w>) (I -i) (rotative efficiency), which 
vary as tho wake velocity and tho mtei action 
botweon tho screw and ship It has been 
found by many experiments that these touns 
aie not independent of each other If tho 
wake fi action w is high, t is also usually high 
Provided tlioie is streaming' watoi at tho stern 
(oi no actual bioak-down of the stieam-lmc 
flow), cxponenco shows that those tlneo toims 
together approach unity Eor twin- screw 
vessels of moderate fineness, then total value 
is about 9(3 to 98 at low speeds, and lor single- 
screw vessels tho value rises to 1 0 and 
occasionally 1 00 With full sterns carrying 
any doaci-watei (i c eddy water at those parts 
wheie, owing to thoiulness, tlioio is no steady 
flow), particularly with single-st iow vessels, 
then total value falls off, owing to tho poor 
conditions under which tho propeller has to 
work There is little data on this at present, 
but values clown to 85 have been obtained m 
practice 

But although these factors tend to cancel 
each other as regaida total efficiency apart horn 
the screw itself, a proper valuation oi the wake 
fraction is necessary, as tho velocity ol tho 
smew through the wftlox, and theroioro its 
slip and efficiency, depend upon it 

* Am b'oc Naval Architects and Afar, Bug Tram 
xxiv 
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Wale is the watei at the stein of a ship 
to which the latter lias imparted foiwaid 
motion The absolute velocity of this watei 
is called the u wake velocity, 5 5 but it is usually 
only measured for that portion of the wake 
in which the propelleis work In the nomen- 
clature already used this velocity is (wV/l +w) 
This foiward velocity is due to thiee causes, 
the relative effect of which vanes m diftcient 
types of ship 

( 1 ) The frictional belt increases m thickness 
continuously towards the stern, and, whcie 
the lines are closing m around the stem, 
tends to intermingle with the suiroundmg 
water — an effect winch increases with the 
fulness of the after-body 


of the sut face m a ship KM foot hoglli 1 I i* 
veiy high— m some case's .is nun li <n um -hull 
the ship’s velocity — and nun o tho ac 1 ion of tin 
sciewis mipimod by woi King it m .istioiun ul 
which the velocity is tho same at all puts, the 
sciews aio so placed on a s kip that tho hi uU' 
aie well cleai of the bull lOspeiiome am 
evpeument show that tho wako inn turn p 
piactically independent ol tho hum and lulties* 
of the foto pat i of a ship Fulness ol tho uftei 
endmcieasos tho wako oi single si iovv uhipo, bid 
in twin sciew ships its tdfot f is veiy small fui 
good fox ms, provided that 1 hoeloaianoo hi ( u ooi 
the blade tips and tho hull ioniums about Ru 
same Small clearance gives high v\ako fiat 
tions, but somewhat hmoi hull edit i< m v 


Table II 


Ship Wake and Hull Email - toy Vuuis 



Length 

lire with 

Di ift 

Dtapl lumimit 

Pihmath 

Sjiu «l 

V\ iKn 

11 nil 


Ftefc 

Tat 

Tea 

Iona 

Count tuit 

IvimtH 

Plant loti 

1 III, It in \ 




Single Screio Ships 





Flavio Gioja 

247 

41 6 

lb 

2500 

62 

ir> 

21 


Vessel L2 

400 

GO 

18 

7450 

G2 

- - 

22 

1 02 

Vessel X 

400 

58 0 

21 5 

13600 

68 

ii r> 

21 

07 

Vessel L 

400 

58 8 

17 0 

7720 

G8 


32 

1 OS 

Monarch 

330 

57 5 

23 7 

8100 

71 

ir> 

.37 

I 0 

Vessel M 

400 

53 3 

24 

10528 

71 

10 

.37 

I no 

Vessel M2 

400 

57 3 

26 

13140 

70 

10 

15 

1 07 




Twin Screw Ships 





Ins 

300 

46 

18 1 

3200 

1 55 

10 5 

06 

06 

Cruiser I j 

400 

71 2 

2G 2 

11080 

1 57 

i> {) 

10 

! DM 

T B Destroyer 

400 

39 5 

10 3 

2050 

59 

40 

- 000 

! 07 

Cruiser 2 

400 

52 5 

22 

G500 

57 

— 

07 

07 

Liner A 

400 

52 

18 5 

0500 

63 


09 

1 OH 

Italia 

400 

72 8 

28 3 

13850 

65 

115 

J l 

I O 

Liner B 

400 

50 

19 5 

7200 

1 67 

- 

1 15 

1 05 

Majestic 

390 

75 | 

27 5 

14850 

60 

17 

HI 

01 

Liner C 

400 | 

54 j 

19 3 

8400 

73 

in 

20 

00 


(n ) When the stem is too full and rounded 
for proper stream-Jme flow, eddies form and 
constitute a mass of water called “dead-water,” 
which is dragged along at the same velocity 
as the ship This occurs at the surface level 
lines of all ocean cargo boats 
(in ) If the ship is moving fast enough to 
form marked waves, the orbital velocity of 
the particles forming the waves will add to 
the forward movement of the watei where a 
wave crest i«* formed, and tend to cancel it 
where there is a wave hollow In torpedo- 
hoat destroyers this effect is very marked at 
all high speeds when the stern is ndmg m a 
marked wave hollow, and is sufficiently great 
in some cases to more than cancel any forward 
wake due to fnction (see Table II ) 

The intensity of the wake"* velocity vanes 
at different pomts, decreasing both towards 
the keel and outwards from the middle line 
Quite close to the form, i e within 2 or 3 feet 


Since tho passages of a whip (Imuigh 11 
watei inevitably sets up a lot wind moui 
wake, and it is equally inevitable that lor U 
production of thiust the scunv must ud i 
a rearward moving column, m so fat ns the 
two can be made to cancel one miothe 
there will be loss velocity m tin* watts i< 
behind by the ship, and the encugy mpmt 
foi propulsion will bo (loot eased By plucn 
the propellei well aft this is pat Pally at iimvt* 
and the eneigy thus waved is Horned tines eulh 
the wake again Tlirn oonshluioH n tlisim 
advantage of screws placed at the stein, hi 
gives a single screw a slight advantage ov 
any other, provided that no pot lion of 1 
screw is lequired to work with watei m viote 
eddy formation , the extent ol this advandn 
is shown by the hull emuenojos ol Table tl 
§ (46) Cavitation —Tins is tho name gtv 
to the formation of cavities m the water 
the blade surface of a sciew juopollm - mum 
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near its leading edge It was fust noticed 
m 1394, on the trials of the Dai mg The 
formation of such cavities shows itself by 
absence of piopei mciease m tlnust with 
mciease m i evolutions of the propeller shaft 
When it is present it is believed that coieless 
voitices are continually fotmed, close up, and 
collapse on the surface, and the conoentiation 
ol the eneigy of collapse on a small poition 
of the suiiace produces a hammering action 
which erodes the blade and sets up vibiation 
in the piopelloi 

Cavitation may be pioduced by several 
diifeient causes A piopeller produces its 
tlnust paitially by mci eased pressure on its 
leal face, and paitlv by sue Lon on the leading 
face When the suction at any point lias 
leached file sLIl w itoi piessuie, mciease of 
speed of rotation cannot pioduco tnoio suction, 
and the water supply to the sciew will there- 
fore remain the same although the revolutions 
have been mci eased, and will not be equal to 
the demands of the screw Tina results in a 
bieak up of the flow, and the momentary 
formation of cavities This bteak up will 
hist sliow itself where the suction and tlnust 
are greatest, which occurs at about one-seventh 
of the radius from the blade tips, towards the 
leading edge The suction is always on the 
back of the blade, but if this is very full noai 
the leading edge, it tends to piocluce at small 
slipb suction on the driving face close up to 
this edge The avoidance of cavitation 
thcrefoie requires that good suction must be 
obtained without any high local value Pol 
this the leading odgo must bo sharp, the 
back have no sudden change of shape, and 
the contour of the blade tips must bo well 
i ounded 

If the piopelloi does not rotate uniformly, 
the iniumum thrust (on which cavitation 
depends) exceeds the mean (on which pro- 
pulsion depends) by an amount depending 
on the variation m rate oi rotation clui mg a 
i evolution With tui bine dove the rate of 
revolution is fanly constant, but with icupio 
eating engines 1 the departure fiom mean rate 
varies from some 4(3 jjci cent with a four- 
ciank balanced engine m a high-speed 
passenger ship to 12 poi cent with a t wo- 
ol ank compound engine in a cargo boat The 
limiting thrust at any point, above which 
cavitation will occur, will dimmish m sympathy 
with such variation m the rate of involution 

A thud cause of cavitation is the cldferenco 
m the wafei supply to the tips of the blades 
I when these a*o close to the hull suifaeo In 
this region the w'atei is being drawn forward 
with the ship, and the slip anglo oi the soicnv 
blade is thereby greatly mci eased, and the 
f tlnust becomes correspondingly gieat The 
higher the tip velocity, the greatoi should 
1 Inst Naval Architects Trans \lvii 


he the cleaiance between tbo hull and the 
scicw tip Cavitation due to this cause 
usually produces emphatic local vibiation of 
the hull plating m the immediate neighbour- 
hood of the sciew tip 

The maximum piessuie pci squat o inch of 
the blade surface which a propeller can exert 
will depend upon many pi actual details 
The maximum suction at any point which 
can lie produced is that equivalent to the 
atmospheric pressure (lib lbs per sq m) 
plus the depth of watei But taken over the 
whole blade sir i face tho piessuie will be 
considerably lower than this, as tho actual 
thi list is always much greater towards the 
tip than at the root With deep immersion, 
chi ec.il y dnvon turbine screws having good 
clearance fiom tho hull, on a imo lined ship, 
have given pressures up to 13 5 lbs per sq in 
r 4 blade sui face On the other hand, Bar naby 2 
gives pressures of only 8 to 9 lbs poi sq m 
for propellers driven by foui cycle internal com- 
bustion engines, m which the turning moment 
varies considerably dining a revolution 

(47) Multiple Bohews — When a ship 
is propelled by a number of screws, each on a 
separate shaft, each may bo considered by 
risolf, and its tlnust and cfliciency be obtained 
as already detailed Tbo screw discs, when 
projected on a transverse plane, should if 
possible clear each other, as the race column 
of the forward one does not have a good 
effect on tho after one Luke’s 1 experiments 
show that foi a leasonably line vessel, having 
a block coofiioiont of 0, the aftei sc lows have 
no effect on the forward ones, but the (mwaid 
screws dccioaso tho wake fraction of tho after 
ones (m this particular case from 2 to 14) 
so that then hull ofhc louey was 5 5 per cent 
less than it was with no forwaul screws 
Generally it can he said that tho best result 
is obtained with the smallest number oi screws 
consistent with the development of tho io- 
q uu od thrust lor propulsion at a reasonable 
slip ratio 

(i ) Tandem Hnnos — These consist of two 
sciews jilaoccl on tho same shaft, necessarily 
turning m tho same ciueetion with tho same 
revolutions They mo moJhcieni m working, 
and the thrust developed by them is little 
more than that developed with a single screw 
oi the same diameter Tins result appears 
from Luke’s and Durand’s expenmouts to bo 
independent, broadly speaking, ol the relative 
pitches of tho forward and after sciews A 
fast passenger steamer, tho King ) Mward, 
originally hited with live sciews, two each 
on two wing shafts and one al tho middle line, 
did better when tho outer ones wore removed 
and only one sciew working at lowoi i evolutions 
was fitted on each shaft 

a Marine Travellers (1920 
s Imt Naval Architects Trans lvi 
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(n ) Conti anj Turning Screws — In small 
ships, two piopellers can be placed on the 
same shaft line and be turned m opposito 
directions Rota has tried this on a pinnace 
and in models, and the results give a reputed 
gam of 20 to 25 per cent m efficiency Such 
piopellers are used for the propulsion of 
torpedoes, the diameter of the after one 
bemg reduced so that the opposed torques 
on their shafts shall balance each other, and 
a good efficiency is obtained 

Luke 1 has tested the efficiency of such a 
combination m open water His screws weio 
all three-bladed, 6mm diameter, placed 
close together, the leading one being of 1 2 
pitch ratio The best efficiency was obtamed 
with an after screw of 1 6 pitch ratio, and 
was 86 that of a single screw The thrust 
was roughly twice the thrust of a single screw 
of the same diameter When placed behind 
a model, the contrary turning sciews showed 
a larger wake and a consequently gi eater hull 
efficiency, representing a total improvement 
of 15 per cent on a full model, and just suffi- 
cient to cancel its lower “ open 35 efficiency on 
a fine one — comparisons being made with 
twin screws m each case This arrangement 
has not been tried on any large ship, and since 
it is not clear to what extent the rotative 
efficiency of the screws were affected behind 
the ship, the total effect may be less advantage- 
ous than the above result suggests 
§ (48) Propellers with Guide Blades — 
The action in contrary turning screws is some- 
what allied to that between a screw propeller 
with fixed guide blades placed immediately 
at its rear so that the water m the race leaves 
the guide blades without whirl of any land 
This arrangement was first tried by Thorny- 
croft m his “turbine” propeller This con- 
sisted of a screw propeller worked inside a 
cylindrical casmg, the blades being secured to 
a boss which increased m sectional area from 
the leading to the trailing edge of the screw, 
the section of the channel between the con- 
taining cylinder and the boss bemg pro- 
portioned to suit the acceleration of the water 
produced by the blades The pitch of the 
blades increased towards the after edge, aft 
of which were numerous guide blades' fixed 
to the containing cylinder and to the long 
tapenng after part of the boss The rotation 
of the water set up by the blades is converted 
into fore-and-aft motion by the guide blades, 
and utilised except for loss m faction of 
guides Bamaby states that the thrust 
delivered by the blades amounts to about 
one-third of the whole Wagner a has adopted 
similar guide blades, but without any contain- 
ing cylinder or tapered boss and obtamed an 
increase m propulsive efficiency of about 8 per 


a i Na Z al Architects Tram , lvi 
Schiffbau- Gesellschaji Jahrbuch , 1911 


cent on d caigo vessel at 12 5 knots, ami 11 per 
cent on a fust-class impede boat at 42 knots 
§ (49) Hydraulic or Jet Proulllcu - Ju 
this propellor, watm from llio iote end oi 
bottom of the ship is diawn into a. centrifugal 
pump, and discharged through pipes in a 
sternward direction Compaiotl with a sciew 
propellci the quantity of watei at led on by 
the pump is nocessauly small, unb hh ab 
normally heavy maclunoiv is used, and to 
obtain the neccssaiy leaction the velocity 
imparted to the watei must, theietoio, bo 
high, and this militates senously against 
efficiency In addition to tins defect llioio is 
consideiablo loss of enetgy duo to liulinn of 
the piping and its bonds, and some Iomh by 
shock at the water inlet unless tins is shaped 
as a scoop, so that the watoi retains its voloi ity 
iclativo to tho ship on enteimg d The 
efficiency of tho jet alone, with an efficient 
scoop at the entianco, is approximately 7, 
and that of the pump action is 5 to (>, gi\tng 
a total efficiency of 35 to 12 against (i to 
75 m a sciow piopellei Its only Hplioio oi 
usefulness is m cases wdieio an external watei 
piopeller would be dangerous, and a modem 
air propollei cannot bo used 
§ (50) Paddle Wheels — A paddlo wheel 
consists of a wheel jo bating about a hausveiso 
horizontal axis, having paddlo blades (m 
‘'floats 35 as they are termed), also n\ linns 
verse planes at its periphery The wheel is 
placed eithei ovoi tho stern (when the vchmi I 
is called a stem wheelei ), or on oaeh suit' at 
about the middle of tho ship, so Unit Hu 
blades bond a stream of watei aft when the 
wheel is rotated Tlic wheel icq linos to bo 
so arranged that at tho woikmg speed oi tin* 
ship, tho apparent slip, measuiod at Urn outer 
edge of tho blades, shall be of tho onli i ol 
20 to 25 pei cent, and tho paddies shall bo 
just immersed, due lcgaicl being paid to tho 
change of water level neai tho wheels when 
under way In small fast passenger vessels, 
at service speed, the watei level usually (Imps 
relative to tho ship at tho w r heoi position 
The maximum theoretical eibeiom y is 
deteimmed by tho equations already given 
(§ (37)) To avoid loss by shock, tho puddles 
of modern wheels aio pivoted on a Lansveiso 
axis at their centro, and looked about tins 
axis by an eccentric, so at ranged that on 
entenng and leaving tho watei tho motion of 
the blades relative to the water shall be 
parallel to their surface, but when in the 
water they shall face as near slum ward as 
possible The breadth of a wheel vanos from 
one-third to one half tho breadth of tho ship, 
so that a large quantity of water can bo dealt 
with, and only small velocities need bo im- 
parted to it, to obtain the ncoossaiy thrust 
Tffis propelier is only of use m vessels of 
which the draft is fauly constant It m sumo- 
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times pieferied to sciews m shallow watei, as 
the banks and bottom aie not eroded so much 
by its wash 

§ (51) Oars — The action of an oar is very 
similar to that of a paddle wheel blade, and 
its efficiency is dotei mined by tho same factors 
In a rowing eight the aveiage speed may be 
taken as ton miles per horn, and the speed of 
slip of oai blade through tho water as about 
5 ft per second (coriespondmg to a pull on 
the end of the oai of about 50 lbs ) Neglect 
mg all motion other than stomwaid m tho 
sbp stream, the efficiency of a blade will be 
74 per cent The lateral and eddy motion 
set up is considerable, but even allowing for 
this, tho blado efficiency is gieatei than that 
of a jet propeller 

§ (52) Sails — The gencial punciples of 
propulsion by sails aie the same fox ail ships, 
whethei they have square oi foie-and aft rig 
Tho propulsive effect mil depend upon the 
change m momentum m a fore and-aft dn ac- 
tion of tho an impinging on the sails, winch 
vanes with the speed and dnection of the wind 
iclativo to the sails, and the inclination of the 
lattei to the desnecl couise When a sailing 
ship has attained uniform speed under certain 
conditions of wind and sail area, its actual 
course will be inclined at a small angle (known 
as tho leeway angle) to her keel lino This 
angle is geneially small, seldom exceeding 
10°, and its tangent gives tho latio of tho 
lateiai to the ahead speed The angle must 
be so adjusted by tho mddei or by shifting 
sail, until balance between an and vatoi foices 
lias been obtained Ini eckonmg wind pressure, 
due account must be taken of the motion of 
tho ship relative to the wind If the ship’s 
couise whon sailing on a wind is along the 
lme AB, and its keel line is AC, and YY is 
tho position of the 
w r>7 w ' sails, let WA be the 
wind force m mag- 
nitude and dnoction 
c If WWj is the urn- 
fonn speed of tho 
vessel, W X A is tho 
ti'iu jo truo wind Tho io- 

sultant force, AR, on 
any plain aiea such as YY, will act at a small 
angle d aft of the iioimal to YY, vaiymg 
fiom nil when i mining holme the wind with 
YY aquaio to AC, to about 10° to 15° m 
squaio ng and somewhat less than this m 
yachts, when sailing as close to tho wind as 
possible It should bo obsotved that to make 
headway at all, the angle betweon tho yards and 
the couise must nevei be less than this anglo 

The sad foico, AR, must be balanced by 
the watoi foices When a ship fonn is towed 
through the water at small angles of yaw, 
the angle between the tow lino and the koel 
moi eases very rapidly with yaw, attains a 


maximum of about 70° for ordinal y ships 
at about 10° yaw, and lemains there for a 
considerable further increase m leeway angle 
The water force along tho keel lme of the 
ship does not vary much foi small angles 
of yaw, but it grows lapidly with angles 
beyond 10° Eoi tins reason it is never 
efficient to sad a ship at large leeway angles 
Since the angle between the water foice AR 
and the ship's couise cannot exceed about 
70°, and taking the angle 5 to be 10° to 15° 
when close hauled to the wind, there is no 
purpose served in bracing the plane of the sad 
nearer than 30° or 35° from the ship’s course, 
oi with an angle of yaw of 10°, 20° to 25° to 
the keel line If it be assumed that the sads 
will “ draw ” with the yaids braced to wit hin 
15° of the apparent wind, the vessel can 
maintain a course not nearer than 45 to 50 
degiees to tins wind The above figures are 
approximately correct for large square ngged 
ships, and aie independent of speed fine- 
lined fore and-aft-ngged vessels, with large 
central fins or dropped keels, would have 
larger a values and sad somewhat closer to 
the wind The closer the plane of the sails 
is brought to the keel line of the ship for a 
given wind, the greater is the angle W X AY 
between the relative wind and the sads 
This mci eases the magnitude of the force 
AR, and is an advantage so long as the 
mcieaso m leeway angle resulting from the 
gi eater lateiai wind foice does not increase 
tho water resistance to ahead motion more 
than the propulsive air foice has increased 
from the gieatei value of AR — a matter which 
depends upon the area of sails used and many 
other seamanship items g s b 


Shoal- water and Ship Resistance See 
“ Ship Resistance and Projiulsion,” ^ (36) 
Siemens, Sir William, maker m 1871 of a 
piactical fonn of pyiometei based on the 
change of resistance of platinum with 
change of tompeiatme See “ Resistance 
Theimometeis,” § (1) 

Siijoa 

Coefficient of Apparent Expansion of 
Mercury in, detei mined by Hallow See 
“ Thermal Expansion,” § (II) (n ) 

Fused, used in tube form as protection for 
thermoelements up to 1000° C m an 
oxidising atmosphere free fiom alkalis 
See “ Thermocouples,” § (4) (u ) 

Silicates 

“ Interval ” and Instantaneous Mean Atomic 
Heats of, White’s tabulated values See 
“ Calorimetry, Method of Mixtures,” 
§ (10), Tables I , II 

Specific Heats of, at High Tempeiatures 
See “ Calorimetry, Method of Mixtures,” 
§ ( 10 ) 
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Atomic Hi.it of, at low temperatures, 
N< l list’s values foi, tabulated See 
“ ( ‘aloiimetiy, Eleotncal Methods of,” 
4} (II), Table VI 

Solid and Molten, Emissivity of, determined 
by optical pyiometer See “ Pyrometiy, 
Optical ” ^ (21) 

{Specific Ileat of, at various temper atm es, 
tabulated, with tlie Atomic Heat See 
“ (Wonmotiy, Electucal Methods of,” 
§ (10), Table V 

Similitude, Appligitton of Principle to 
(Wvkction Currents See “Heat, Con 
voction of,” (2) (m ) (iv ) and § (4) (iv ) 


SIMPLE HARMONIC MOTION 



Tars may be defined as the orthogonal 
pi ejection of uniform circular motion Thus if 
a point Q ( Fig 1) be supposed to describe a 
oucle with constant velocity, and if its position 
at each instant be projected orthogonally on a 
fixed diameter AO A', the particular type of 
rectilinear oscillation which Lie projection P 
executes between its extieme 
positions A, A' is called a 
“ simple harmonic,” or some- 
times merely a “ simple ” 
vibration 

If (o be the angular velocity 
of Q m the circle the inter- 
val between two successive 
transits ol P m the same direction through 
any given position will be 2t/cc This is 
Gallod the “ penod ” of the vibration , its 
lecipiocal w/2tt which gives the number of 
complete vibrations per unit time is called 
the “ frequency ” The distance (a say) of 
the extreme positions A, A' from the mean 
position 0 is called the “ amplitude ” The 
angle AOQ is called the “ phase ” 

The velocity of Q is at right angles to OQ 
and equal to wa It is therefore lep resented 
— ^ 

by the vectoi w OV, where OV is the radius 
drawn 00° ahead of OQ The component m 

AA' is represented by co OU, which is there- 
fore the velocity of P Again, the acceleration 


Pig l 


of Q is represented by w 2 QO, and the com- 
ponent of tins m AA' is w 2 PO, which is 
accordingly the acceleration of P 

It is this property, that the acceleration 
is directed always towards a fixed pomt, and 
is propoitional to the distance from that 
pomt, which gives simple harmonic motion 
its special importance m Mechanics A body, 
or (more generally) any system having one 
degree of freedom, which is slightly displaced 
from a position of stable equilibrium is urged 
back towards this by a force approximately 


piopoition.il to the displacement Tins is 
the case, ioi mslancc, with a pendulum, or a 
galvanometer audio Jf the body be left 
to itself its motion will (so fai as the appiovuna 
tion holds) be simple baimonic , loi wo can 
always eonstiuet a type ol Minplo haimomc 
vibration which obeys the mpuied law of 
acceleration, and also satisfies presc nbed mil i il 
conditions of displacement and velocity 

If Q 0 be the mitral position of; Q m Fig 1, 
the angle AOQ 0 is the mitral phase Denoting 
this by e, wo lnvo AOQ = |-c Remo if a 

denotes the displacement OP, with the usual 
convention as to sign, wo have 

t ~a cos (bit + e) (1) 

If we represent this function graphically, with 
t as abscissa, and i as oidmatc, we get a curve 
of smes, as m Fig 2 

For Hus reason simple harmonic vibiatmns 
aie sometimes 
described as 
“ sinusoidal ” 

The preced- q 
ing statement ! 
is equivalent to 
this, that (1) p IG 2 

constitutes the 

general solution of the typical equation of the 
small motion of a body about a position of 
stable equilibrium, viz 



M 


dt- ~ 


— Kss, 


( 2 ) 


provided the value of w bo suitably chosen 
We find, in fact, on substitution, that (2) is 
satisfied provided w a = IC/M, and simo the 
constants a and e are at oui disposal they 
can be adjusted so as to fulfil prescribed 
initial conditions of displacement ( r) and 
velocity (rlx/dl) A form of solution which 
is equivalent to (1) is 

#= A cos w£ + B sm iot, (3) 

the arbitiary constants being now A and B 
Since the values of % and clxjdt lecui whenovei 
oot increases by 2t, the ponod is 27r/cu, oj 
2t r s/(M/K) It is to bo noted that 11ns 
depends only on the nature of the dynamical 
system considered, and is independent of the 
mitral conditions, and therefore of 1 he 
amplitude The oscillations are accordingly 
said to be “ isochronous ” , but it must bo 
remembered that the equation (2) is usually 
obtained as an approximation, in winch 
powers of x higher than the fust arc neglected, 
and that it therefore ceases to bo practi- 
cally valid when the amplitude exceeds a cor- 
tam limit The stiuctnre of the formula 
27r\/(M/K) for the penod should be noticed 
on account of its wide applications and still 
wider analogies The penod varies as the 
square root of the ratio of two quantities, 
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one of which (M) represents the mertra, and 
tlie othex (K) the elasticity or “ spring ” 
of the system Foi instance, in the case of 
a body vibrating undei the torsion of a sus- 
pending wne, M is the moment of inertia of 
the body, and K the torsional ngidity of the 
wne 

In all practical cases vibiations are affected 
more oi less bv friction This may be allowed 
foi m many eases by introducing into the 
equation a retarding force proportional to the 
velocity, thus 



, .rd 2 % yr. 

M dF=~^- R dt 

(*) 

Writing 

gift 

11 

il 

(5) 

wo obtain 

d~v e xl di , 

(0) 


winch is the typical equation of “ damped ” 
oscillations This is satisfied by i—Ae xt 
provided 

X“ -t-2A\ H or =0 (7) 

When the friction is sufficiently small, more 
piecisely when we have 

\ = —l ± iw' } (8) 

where w' = v(w 4 ~ A, 4 ) (9) 

Hence + (10) 

or, m leal foi in, 

r = e”*^ f (P cos cu^l-G- sin io'l) (II) 

This may be described as a simple harmonic 
vibration whoso amplitude diminishes ex- 
ponentially according to the law The 

ratio of one elongation to the next (on tho 
opposite side) is e ^ 10 ' , the logarithm at tins 
to base 30, viz ttA/o/ x log 10 c, is called tho 
“logarithmic decrement” The foimula (9) 
shows that tho period 2 r/o/ is lengthened 
by the friction, but if tho ratio A/w is small 
the effect is only of the second order and may 
often bo neglected 

When A to the roots of tho auxiliary 
equation (7) are ical and negative Denoting 
them by - a, - p, we have 

Be-# (12) 

Theio is now no true oscillation, tho body 

passes once (at most) tin ough its moan position, 

towards which it hnally creeps asymptotically 
This typo of motion is described as “ aperi 
odie,” oi “ dead-beat ” In tho inter mediate 
ease whore k^w tho solution is 

a - (A i IW)c -w , (13) 

and the same remarks apply 
When m addition to tho restoring force 
represented by -w 2 # there is an extraneous 


disturbing foico whose accelerative clfect is X 
wo have, if f notion ho neglected, 

£h^=X (14) 

The most important case is where X is a 
simple hirmome function of t, say 

X "f cos pt (15) 

The solution then is 


x 


= /_ 
w 2 — p 4 


cos pt I- A cos wJ+B sm iot 


(16) 


The lust teim ropiesents tho “ foiced os- 
< illation ” due to tho disturbing force , it 
has the same period 27 r/p as the lattci, 
and its phase is tho same oi the opposite, 
aocouhng is p%co, ? e at cording as the 
imposed period is longer oi shorter than tlie 
natuial period 2irjio Tlie lemanung terms 
lepiesent a “ fieo ” vxbiation superposed on 
the humor , the constants A, B depend as 
bofoio on the initial conditions Tho ampli 
tudo of tho forced oscillation becomes veiy 
great when the fenced and natural periods 
are nearly coincident This is exemplified by 
tho phenomenon of “losonanco” in Acoustics, 
but foi a complete discussion it is necessary 
to take mto considoiation the effect of dissipa- 
tion forces 

When fnclion is taken mto account the 
equation to be solved is 


(Vh 

dt* 




C0 2 l — X 


(17) 


One method is to examine what oxtranoous 
fence would bo required to maintain a 
prescribed oscillation 

a-Ocoh pt (18) 

Wo find 

X =0 {(co 54 - p a ) c*OH pi ~ 2Ap m\ pi} 

— (HI cos [pl + a) f (19) 

wlioro II aiul a have boon chosen so as to 
make 

II cos a~w a ~*p‘ J , II Bin a-=2Zp (20) 

Changing tho origin of l , it appears thal a 
disturbing fence 

X--/ cos pt , (21) 

would give use to the forced oscillation 
r 

^ * H C0H ^ ~~ (22) 


On this may bo super posed a froo oscillation 
of tho type (11) or (12) or (13) as the case 
may be Tho free oscillation, however, and 
therefore the influence of the initial conditions, 
gradually decays until the forced oscillation is 
alono sensible 

An alternative way of obtaining tho above 
result is to put, an (17), and to 

3 n 
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discard in the end the imaginary pait of the 
xesult The solution then is 




o 2 -p 2 + 2iLp He la H 


(23) 


the real part of which is as m (22) 

It appears from (22) and (20) that the 
phase of the displacement lags behind that of 
the force by an angle a determined by 

tan a = f — - (24) 

w 2 —p 2 

This angle hes m the first oi second quadrant 
according as p % (a If the ratio L/co be small 
the angle approximates as a mle to 0 oi 180° 
lespectivelv, which are the values when there 
is no friction, but if p is sufficiently neaily 
equal to w the angle approximates to 90° 
on one side or the other Since 

H 2 = (w 2 — p 2 ) 2 + 4:L 2 p 2 , (25) 

the amphtude of the foiced oscillation is 
greatest when p is m the neighbouihood of w, 
provided Jc/o} be small In any case, the 
maximum amphtude is //2A,a/, and is therefore 
greater the smaller the fnctional coefficient 21, 
as was to be expected A more important 
matter is the influence of the period on the 
absorption of energy The rate at which 
the extraneous force does w ork is 

G0S 

=^{s m a — sm (2pt - a)} , (26) 

the mean value of which is 
vf 2 f 2 

^sma or ~sm 2 a (27) 

This attains its maximum value / 2 /4& vdien 
a =90°, orp = w exactly It is to be noticed 
that although the resonance is more intense 
the smaller the value of L it is concentrated 
on a narrower range of frequency To show 
the effect of a shght deviation from the 
critical value of p, put p/u = l*fz, where t 
is small, and A/w=/3 We find tan [ a= - p/z, 
or a=^7T + approximately, m circular 
measure The formula (27) becomes 

P J8 

h /h < 28 > 

The graph of the second factor is shown m 
Fig 3 for various values of f3 The principle 
here established has many apphcations m 
Acoustics For instance, the vibrations of a 
piano wire are only slowly given up to the 
air, and a close coincidence of pitch is 
therefore necessary m order that it may 
respond audibly to a note sounded m its 
neighbourhood On the other hand the 
column of air in an organ pipe, which has little 


inertia and icadily gives up ds vjbt if ions to 
the outei air, will lespoiul vith only a slight 



Fig 3 


variation of intensity to a much w'uloi nrngo 
of frequencies n n 

Skew -back in a Souiav Propeller m 
defined as the displaoozucnt of the oontio 
line of a blade from the normal to the axis 
when viewedfiom aft Soo “ Slup Resistant n 
and Propulsion,” § (41) 

Skin Friction See “ Rlup Resistance and 
Propulsion,” § (6) 

Slide-valve eor Steam; Engine See 
“ Steam Engine, Reciprocating,” § (2) (ii ) 
Slipping of Belts — Elastic sit etching of 
leather belts passing owoi pulleys See 
“ Friction,” § (36) 

Slipping between Surfaces in Rolling 
Contact See “ Friction/’ § (37) 

Smith, A W , measurement ot latent heat 
of water See “ Latent PI oat,” § (1) 

Sodium, Specific Heat of, in tub Ann mat mi> 
and Molten States, at vanoim iompeia 
tures, tabulated, with tlio Atmme Heat 
See “ Calorimetry, Electric al Methods of,” 
§(10), Table V 

Solid Angle subtended by a Sub fac'd vr \ 
Point Describe a cone “with its vertex at 
the point by radii drawn from the* point to 
all pomts of the boundary of the nut hire, 
and let A bathe area of a a photo of ladiUH R 
which is intercepted by thin c one Them (be 
ratio A/R 2 is known aw the solid angle 
subtended at the point by the surface , it 
is clearly equal to the aioa intercepted by 
the cone on a spheie of unit radius 
Solid Piston Air-pumps Hoe “Air-pumps,” 

§(H) 

Solid State, Change of Siyraoma Volume in 
passing to See “ Thermal Expansion,” 
§(31) 

Solids 

Methods of measuring Thermal Oonduc tivity 
of See “ Heat, Conduction oh” §§ (3)-(<S) 
Specific Heat of, by Elootncal Methods 
See “ Calorimetry, Electrical Methods 
§ ( 8 ) 
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Solutions, Thermo dynamics oj See 
cc Thermodynamics,” § (63) 

Sound, Velocity of, used to determine 7 
See “ Thermodynamics,” § (58) Seo also 
* Vol IV 

Sounding Apparatus One typo consists of 
a compressed an gauge fitted with a non 
return valve The pi essuio attained ih 
shown by tho quantity of water which 
enteis the tube Tho second typo consists 
of a tube closed at one end and coated 
inside with a chemical which will be coloiuod 
by the action of tho sea watei This is 
chopped m a sunken with the open end 
down wauls, and again tho piossiuc can bo 
calculated liom tho amount of water which 
has entciecl, shown by tho chseoloiation 
pioducod See “Picssure, Meaaui onion t 
of,” § (15) 

Sounding Tube of M Berget See “Picas- 
uie, Moasuioment of,” § (16) 

Speoifio IIl it 

The lafcio of tho amount of heat loquuod to 
raise the temperatuie of a substance one 
degiee to that lecpuicd to laiso the tom- 
poratuio of an equal mass of watei one 
degree — usually fiom Id 0 5 C to 15° 5 C 
— -is called its specific heat In some oases 
tho lange 17° 0 to 18° C is selected 
The conditions line Lei winch tho heating is 
to occui may be limited m vanous ways, 
tho two most nnpottant being (a) constant 
volume and (b) constant piessuie See 
“Thermodynamics,” § (13) Seo also 
“ Specific Heat of Satuiatod Vapour,” 
§ (53) , “ Specific Heat, Ratio of, m 
Gases,” § (58), “ Spoeihc Heat, Vanous 
Expressions foi,” § ( t-8) 

Application to tho Non-Metals of Debye’s 
and Einstein’s Foumilao foi, deduced 
fiom the Quantum Theory Seo “ Oaloii- 
mctiy, the Quantum Theoiy,” § (10) 
Eoimnlrio 0 ] Nemst and Lmdemaun and of 
Debye, tested by Nernst on Clio data for 
diamond, and 1 (‘suits summaused in 
tabulai foi in See ibid § (40), Table IV 
Tabulated Comparison of Expoumontal 
Values foi, with Formulae cledueod lrom 
the Quantum Theoiy See ibid § (45), 
Table 1 

Speoifio Heats 

Of Elements at about 50° abs , measmed 
by tho liquid hydrogen oaloumotoi and 
tabulated See “ Oalotimotno Methods 
baaed on the (iliango of State,” § (8), 
Table V 

Of Gases, tables of Seo “ Engines, Thoimo- 
dynannes ot Internal Combustion,” § (70), 
Tables VI -XI a, “ Spenhe Heat oi 
Gases at High Temperaiutos ” 

At Low Temper atui es, Appliances for the 
Measurement of, by the Method of 


Mixtures See “ Galonmetiy, Method of 
Mixtures,” § (11) 

Vanable See “ Engmes, Thermodyna 
mica of Internal Combustion,” § (78) , 
“ Specific Heat of Gases at High Tem 
per at m os ” 

Specific Weight and Volume of Gases, 
table of See “ Engmes, Theimodynamics 
of Intel nal Combustion,” § (68), Table I 
Sprengfl Pump See “ An -pumps,” § (18j 
Spur Gear and Driving Chain Ti sting 
Machine (National Physical Laboratory) 
See “ Dynamometers,” § (6) (11 ) 

Spurge High-pressure Manometer See 
cr Pressme, Measuiement of,” § (12) 
Squirrel Cage Speed Indicator See 
“ Moteis,” (9), Vol III 
States of Aggregation See “Theimo- 
dynanucs,” § (28) 

Steam 

Latent Heat of, Comparison of Data foi, by 
Oallondar See “ Latent Heat,” § (5) 
Latent Heat of, Formulae foi Variation of, 
with Tempeiatmo See ibid § (6) 

Specific Heat of, at atmospheric; pressme, 
investigated by Ilolborn and Henning 
Seo “ Calorimetry, Method of Mixtuies,” 
§(17) 

Specific lieat of, detci mined by Bnnkworth 
by the continuous flow electrical method 
at atmospheric piessuie between 104° C 
and 115° C See “ Calonmetiy, Electrical 
Methods of,” § (14) 

Specific Heat of, detei mined by Callendar’s 
continuous electrical method, tho variation 
ol tho specific beat with pressure bong 
found by subsidiary cxpoi aments, using 
tho throttling ealonmeter method, by 
Callondai and Piofessoi Nicholson See 
“ Calonmetiy, Method ol Mixtures,” § (17) 
Specific Heat of, Rcgnault’s Value for See 
ibid §(17) 

Stium Charts and Tables Seo “Thermo- 
dynamics,” §§ (42) and (01) 

ST LAM ENGINE, RECIPROCATING 

§ (J) Description — The rocipiocatmg steam 
engine is so named because of the working 
substance used and tho motion of one of its 
fundamental parts Tho cylinder, piston, and 
some moans of controlling the working sub- 
stance are essentials The motion of the piston 
within the cylinder is ono of reciprocation, 
hence tho term “ reciprocating ” The piston 
is a movable division plate constrained to move 
axially within the boic of tho cylinder The 
piston must be of adequate strength to with- 
stand without appreciable deformation the 
steam loads to which it is subjected, and its 
011 curafei once must bo such a good fit m the 
boi e of tho cylinder that steam cannot readily 
pass from the one to the other side of the 
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piston The faction between the piston and the 
cylmtlei must be a minimum The limits of re 
ciprocation of the piston axe usually definitely 
defined, and the distance between the limits is 
called the “ stioke of the piston ” Difference 
in mignitude of the loads acting on tho two 
sides of the piston causes motion of tlio piston 
Difference of purpose m view has led to 
variation m detail and goncral appearance, 
and some unusual featuio, or peihaps special 
service for which the engine is suited, has 
provided a class name for engmos of similai 
outline or special seivice A list of the 
classes to which engines aio assigned in- 
cludes — manne, locomotive, stationaiy, poii- 
able, vertical, horizontal, diagonal, oscillating, 
di op- valve, Corliss, winding, pumping, Jngh- 
1 evolution All, howevei, aio alike m one 
fundamental lespect — all have a cylinder 
withm which a piston lecipiocatcs, and all 
have some moans of controlling tho steam 
entering and leaving the engine cylinder 
In this article a very commonplace Binrplo 
engine is considered first, and afterwards 
various departuies from this simple engine, 
which have lesulted m establishing spocial 
classes of engines, are noted 
F'lq 1 shows chagrammatically tho cylinder 
and piston of a “ double-acting ” engmo In 
this figure the ends oi “ covers ” of the cylmdei 



are shown containing the necessary control 
valves for regulating the steam entering oi 
leaving the cylmdci When the piston is 
moving towards the right the left steam valve 
S is open, allowing live steam to flow into tho 
gradually increasing space due to the piston 
moving away from the left cylinder cover, 
and the right exhaust valve E is open to 
allow the steam used during the previous 
stroke to escape (or exhaust) from the cylinder 
The return stroke of the piston is caused by 
closing these two valves and opening the 
alternative pair of valves The engine is 
called “ double-acting ” to differentiate it 
from the “ single-acting ” engine m which but 
one stroke of each two strokes is a powoi 
stroke The smgle-actmg engine is rarely used, 
and then only for some very specialised duty 
The double-actmg engine has the advantage m 
that each stroke is a power stroke, and, there- 
fore, for a given size and correspondingly 
almost equal weight of engine, the double- 


acting engine bn« an output approximately 
double that oi the smglo-«u ling engmo 

Whilst tho motion oi the piston i* mu* 
of iceipioi ation, tho motion nmi ill\ <h mod, 
fox ease m transmission, jh lotaiy Sound 
mechunsms ha\e been devised and used to 
transform fiom tho one' to the othei ninlmu, 
and out of these the ciank and uni mot (mg tod 
mechanism bolds tho piomioi position 1 m tatmo 
of its compactness, small number of wealing 
pails, and reliability 

^(2) SrMPnw Doubuk-aotinu Knuini (t ) 
DcMnption — In AV/ 2 ih shown in Mctiintml 
plan view and elevation n simple double actin'' 
Iioit/iOiital slc v am engine One end ot the 
“piston iod ” It is aline hod to tho “ piston” 
P Tho piston iod pasnt'H tluougli a smtuhli 
steam-tight “ stu (ting box: vvilh gland” M. and 
terminates m a “ ( ross-hond ” A A “inn- 
noetmg iod ” B couples log;ethet the* < ioks head 
and tho “ciank” 1) of l he “trank shall ” lb 
Tho ei oss-head end of the connecting md mnvi s 
m a stiaight line, the crank end oi the iod 
moves m a enete To allow for Urn lesnltmg 
angular displacement of tho eoiuuetmp roil, 
the eonneetmns at the cionsdusid and ciank 
ends are not rigidly fixed as air the omutei lions 
between tho piston, oi eioss head, and piston 
iod, hut axe pm nonius t ions Tim pin G at 
tho ci oss head end is called the “gudgeon,* 
or “cross-head pm,” ami that m the c lank 
the “ crank pm ” Y. Tim c tank shall is 
constiamed m its motion hy “ciank* 
shaft healings” Q, integral with the 
“ engmo frame*,” or* 411 bed f date,” h The 
bedplate is anchored to a suitable hen\> 
Inundation At. any instant the load 
causing reciprocation is liamumttcd along 
tho piHton iod and llnough Hum onuei G 
mg xod to tho crank jim, and produces 
rotation of the crank shaft Tun n m t m h 
revolution the. ])iHton iod, r onnei tmg rod, and 
crank are m lino The engine in sueh posit ion 
is said to he on tho “dead centre” \i all 
other tnn oh tho Imos «£ action of the foieon 
along tho piston rod and tonnes (mg rod me 
not t omeidont, and honoo bonding of hoi It 
rods would occur if a support attached to the 
cross-head wore not provided The supped 
consists of tho “ hIiooh ” H, secured to and 
xccipiocatmg with tho exons head whilst bemmg 
against the “ guide sin laces ” 

As the piston rod, conned mg rod, and crank 
axe in lino twice in each revolution of the 
ciank shaft, the turning moment hwee in t m h 
revolution is correspondingly mo, If a 
diagram bo diawn as m Fit/ ft (a), the base 
lino representing tho euMimforowo of the 
circle described m one involution by the crank 
pm and tho ordinates lopriwmtmg fhe resoh cd 
values of the forces transmitted along the 
connecting rod acting normally to Urn < mirk 
D and at the crank pin Y, xl will be notued 
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that theie is a cyclical v.maliou ut consideiablc 
range The lesistance offoicd by whatsoever 
the engine may bo dnving is usually neaily 
constant To absoib the c\cess of eneigy 
supplied during one pait of each half levolu 
tion and to make up the deficiency diu mg the 
remainder of the halt i evolution a “flywheel ” 


sum ol the enoigy supplied b^ the two 01 Hute 
engines respectively 

(11 ) Valves — The means used for conti oil mg 
the steam to and fiom the engine cylindei aie 
numerous Should cither locking or chop 
valves bo used, the valves may be anangecl 
m the cylindei ends as shown diagiammatioally 





A Cross-head 
n Connecting Hod 
C Cylindei 
D Crank Wol) 
Eccentric blioavo 
E Mywheel 
(t Gudgeon Pm 
H Crank bluft 
J Eceontiic Strap 


K Beanng 
L Bedplate 

M Stniihig-bo\ and Gland 
N < 3y linden Covci 
P lhslon 

Q Oianlc-sliaft Bearing 
ft Piston Hod 
S Ci osh head Shoe 
T E< < ontnc ftod 


Y lie eon trie Hod Pin 

Y Slide Valve 

W Valve Hpmdlo Guido 
X Valve Spindle 

Y ( 'rank Pm 

55 Htop Valve and 

/-.t. Throttle Valve 
GB Governor 
VO Valve Chest 


E is fitted to the crank shaft The range of 
the cyclical variation m ciank effort may bo 
consideiably reduced, as at ( b ), by coupling 
together the ciank shafts of two engines so 
that m end view the cianks aro 90 °' apart , 
the addition of a third engine would further 
reduce the range, as at (<?), provided that the 
cranks m end view are about 120 ° apart In 
(b) and (e) the heavy solid lmo marks the 


m Fig 1 Considerable modification m the 
design of the cylinder is necossaiy should 
the more common sliding valve bo used As 
commonly airanged, one sliding valve controls 
both the supply of stoam to and the removal 
ot the steam from both ends of the cylmcloi 
of a double acting engine, 

The simplest sliding valve, called tho “ D 
slide valve because of its resemblance to tho 
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lettei D m its longitudinal section, consists in 



120 180 240 300 360 

Degrees 


its elementary form of an open-top metal box 



Longitudinal Section Fig 4 

If the open top of the metal box be placed 
on a suitable surface and the box be caused 
to reciprocate, the end walls of the box would 
cover and uncover suitable openings provided 
in the surface upon which reciprocation takes 
place In Fig 4 a common I) slide valve is 
shown at the middle of its travel and m its 
relation to the cylinder passages The live- 
steam space is outside the slide valve, and the 
exhaust space is within the slide valve Even 
though relieving devices are used (there is no 
provision for such a device m Fig 4) the load 
acting on the back of the valve and pressing 
the valve on to the cylinder face is consider- 
able It is therefore desirable to make the 
area subject to steam load as small as possible 
and to have the amount of reciprocation a 
minimum The length of the steam ports or 
passages cannot exceed the diameter of the 
cylinder, and the area of each of the ports 
must allow the steam to pass through the 
port at a reasonable velocity In Fig 4 the 
valve of the simple engine of Fig 2 is shown 
to a larger scale 

The usual method of securing the slide valve 


to its “ spindle 15 is by means nt uuls, so Unit 
a slight adjustment ot the valve upon its 
spindle is an easy matioi The valve spindlo 
passes thiough the end oi the “ valve c lies! ” 
VC as shown m Fig 2, a stulling box and gl md 
M being used to pievont the escape ot sit am 
from tho valve chest to the atmospheio, and 
ends with a pm connection to which the 
** cccentiic iod” T is attached A “ valve 
spindle guide ” W is nocessaiy to give suppmt 
to the valve spindle because of the angular 
displacement of the ocmituc iod lelative to 
the valvo spmdlo duimg each stroke of the 
piston Tho valvo spindle is onhutred w'heio 
tho guide is piovicled, the onlaigemont 10 
cipiocatmg within the guide focuied to the 
engine fiame In comparison with the engine 
piston tho amount of looipiocuiion ol flu slide 
valve is small, and the load takes) by tho valve 
spmdlo guide is not great 
A pictoual view of the slide valve, with 
a portion of its spindle, raised bodilv above 
tho valvo face' of tho eylmdei upon which 
it recipiocaies, is shown m Fig 5 One 
corner of tho slide valve' is broken to 
show the geneial distribution of nut a! m 
tho valve In tho actual valve there is of 
com so no such bienk 
The valve is guided 
in its us ipi oration 
by the machmcd slid- 
ing sail aces A and B 
moving upon snmhu 
surfaces machined in 
and forming pad of 
tin' valve chest, 
these aie marked (5 
and Dm Fv/ i 
The motion ol the slide 


Tiansvcisc See Uon 
(m The Bicmhie - 



Fig G 

valve is provided by a vulual crank and con- 
necting rod oalled an ** eoconlnc sheave n and 
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"eccentric strap and iod ” respectively The 
eccentric sheave is a crank whciem the eianlc 
pm is sufhe lently large In ombiace the crank 
shaft, although foi manufactmmg or other con- 
venience it is usually separate fiom the shaft 
In the three sketches of Fig 0 it will be noticed 
that the same eccentricity has been maintained, 
and that at (a) the stiength of the shaft is much 
impaired by foimmg the valve crank, whilst 


Fig 0 

at (c) the full stiength of the shaft is mam- 
tamed To pi event longitudinal motion of the 
eccentric stiap, flanges or then equivalent aie 
provided on the eccentric sheave Fig 7 
shows an eccentric sheave with its stiap and 
eccentnc rod suitable for a high-power rnaiine 
engine The eccentric sheave is driven by a 
key fitted paitly mto the crank shaft and 
partly mto the sheave The sheave is made 
of cast iron and revolves within a white-metal 
beanng secured to the eccentric strap The 



mild - stool oec entnc rod is provided with 
bronze bearings for the pm connection 
Whilst the throw ol the eccentric must be 
such as to give the necessary amount of re- 
ciprocation to the slide valve which it drives, 
the angulai position of the shoave relativo 
to the engine crank must bo such that tho 
valve functions at tho coirect times In 
most engines it is highly desirablo to admit 
steam only during a portion of the stroke 
of tho piston rather than during tho whole 
of the stioke This can readily be ©fleeted by 
increasing the thickness of the end walls of 
the elementary metal box or slide valve, i e 


by adding 5 steam lap” to the \alve, and 
alteung coiiespondmgly tho angulai position 
of the eccentric shoave The lap of a valve 
is defined as tho amount by v Inch the edge 
of the valve oveilaps tho conespondmg edge 
of the coi responding poit when the valve 
is m its middle position with iegai d to its 
kavel ►Should the lap be ovei the steam edge 
of the poit, L of Fig 4, the lap is “steam 
lap , should tho lap be ovei the ex 
haust edge of the poit, EL of Fig 4, 
the lap is “ exhaust lap ” Tho steam 
laps at both ends of the valve are 
not necessarily equal , the exhaust, 
laps also are not necessarily equal, 
and sometimes one oi both aro nega- 
tive 

(iv ) Cut-off — The admission of steam 
dunng a poition of tho stroke of the piston 
instead of during the complete stioke is known 
as “cutting off” the steam supply, and the point 
of the stroke at which the steam supply actually 
ceases is called the “ point of cut off ” It may 
be of interest to note that if the cut off is at 
one-half of the stroke and the engine is lunning 
at 300 revolutions pci minute, the period 
dunng which the steam may enter the engine 
cylinder is but one-twentieth of a second 
Luring this short interval of time the slide 
valve fiom the closed position opens the steam 
poit to tho full and closes it again Throttling, 
and consequent i eduction m pleasure of the 
steam entering the cylinder, occurs when the 
poit has just been opened by the slide valve 
and also when tho valve has almost closed 
the poit In the cycle of events the opening 
of the poit to admit steam to the cylinder is 
teimed “ admission ” , the closing of the poit 
is teimed “ cut oil ” Tho opening of tho poit 
to allow the used steam to leave tho engine 
cylinder is tei mod “ i olease ” , tho closing of the 
port against the passage of the exhaust steam is 
called “ compression,” bocauso a small amount 
of steam is flapped m the engine cylinder 
between tho movmg piston and tho hxod 
cylinder cover Tho admission of steam when, 
say, about 00 to 95 per cent of the previous 
stioke has boon accomplished aids m bringing 
the moving paits of tho engine to rest ready 
foi the now at joke The amount by which the 
slide valve is open to steam when the piston 
is at tho commencement of a stioke is called 
the “ lead ” of the valve The leads for both 
ends of the valve aie not necessarily equal 
In vertical engines the lead for the stroke in 
which the reciprocating mass is lifted against 
gravity is usually greater than for the leverse 
stroke The lead of a slide valve is dependent 
upon tho angular position of the eccentric 
sheave m rolatron to the engine crank, Lead 
is necessary m order that admission may take 
place before the commencement of a new 
power stroke 
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( V ) Cylinda -The eyhnder, including the 
\ live client with steam passages, and often one 
<>i the cylinder coveis, forms one casting A 
hi<di quality cast iron is used to withstand the 
weaung action of the reciprocating piston and 
valve °The piston packing usually consists of 
spnn cr rings, i e nngs turned a little larger than 
the cylinder bore and sufficiently cut out to 
allow the nngs to close to a little less than the 
cylinder bore The tendency to open out to 
their original diameter produces pressure on 
the bore of the eyhnder and forms a moving 
steam-tight joint To lubricate the piston a 
sight-feed displacement lubricator is provided 
to pas 3 a small amount of mineral oil per 
revolution into the engine eyhnder Necessary 
bosses for dram and other connections, and 
flanges to which the steam and exhaust con- 
nections may be made, are mtegral with tho 
cylinder casting A steam £C stop valve must 
he provided adjoining the engme If the steam 
be not superheated it is well to fit a “ separ- 
ator ” to the steam mam close to the engine 
The separator, either by settmg the steam m 
rotation or by means of baffle plates, removes 
a large percentage of the entrained water due 
to condensation m the steam mams or to other 
causes The drainage of the valve chest and 
the engme eyhnder should he accomplished by 
leading pipes to a “ steam trap,” i e an 
automatic device which whilst allowing water 
to escape will not permit steam to pass On 
small engines m particular the dramage pro- 
vision is frequently very crude and wasteful 

Every precaution should be taken to prevent 
radiation loss by adequately covermg with 
asbestos or other non-conductmg material all 
parts subjected to high temperatuie For 
appearance the non-conducting material used 
on engme cylinders is often covered with thin 
planished steel , on steam and exhaust mams 
canvas is frequently used to give a substantial 
yet neat finish The monetary loss due to 
radiation from madequately clothed hot bui- 
faces is considerable and continues so long as 
the plant is running 

The steam load acting on the moving engine 
piston at any mstant also acts upon the fixed 
cylinder cover These two loads, being action 
and reaction, are of equal magnitude If the 
eyhnder be not integral with the engme frame 
it is secured by bolts thereto The frame also 
carries theguide surfaces forth© cross-head shoe, 
and the crank-shaft bearmgs Considerable 
stiffness of the frame is necessary to contend 
with the rapidly altermg loads Even at the 
comparatively slow speed of 60 revolutions per 
minute the loads change twice per second 
Heavier loads than those due to steam thrust, 
however, are imposed upon the frame In 
the single- eyhnder engme of Fig 2 it is not 
possible to balance 1 the reciprocating masses 
1 See * £ Engines and Prime Movers, Balancing of,” § (5) 


even if the i evolving weights he Im lamed, 
which m many engines ih not done ho 
that vibiatoiy ton oh tie set up as soon as 
the engine uins These foie os aio quite in- 
dependent of the uoik being done hy tho 
engine If the engine does no woik, hut is 
motoied lound by Home ©vicinal agent, tho 
f oi ccs still act Tho folios ate dependent 
upon the weights and velocities oi the moving 
pails Vibiation ennui s even though the 
engine he anehoied to a heavy bnekvoik or 
concrete foundation The dean Unlit y oi di - 
signing the moving pints so that they shall bo 
of a minimum weight consistent with net ossiuy 
strength is appaiont MuIti-cionk engines can 
be designed so Hint the collective ellei t ol tho 
scpaiate moving paits is to balance 

(vi ) The Govern oi —If the load against winch 
the engme is walking he suddenly lemoved, tho 
sjieed of tho engine will inuonso To pi event 
undue mi lease m speed a i evolution icgulator 
or 1111 govomoi ” is piovided The action oj tho 
govemoi is due to centrifugal toioo When 
tho speed mcieasos, certain weights dnvon hy 
the engmo itsclJ change position and, by 10 
ducing or modifying the steam supply, bung 
about a reduction of the speed of the engmo 
to the noimal The function of the flywheel 
is to act as an eneigy stoic and icgulatoi , 
the function of the govemoi is to legulate Hie 
number of i evolutions made pei minute by 
the engmo 

Fig 8 shows a typical form of govemoi 
The veitieal spindle S is driven hy goal mg 



from the engme shaft Two anus terminating 
m balls B are pivoted to the upper end of 
the vertical spindle To each arm is pm- 
jomted a link L The lowei end of each of 
the two links is pm-jomtod to a sloove A w lutffi 
is free to slide on tho veitieal spindle Tho 
vertical position of tho sleeve depends upon 
the position of tho govomor balls, which m 
turn depends upon the speed of lotation of 
the vertical spmdlo and thoiofore upon that 
of the engme shaft The position of tho 
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sleeve determines the quality oi the quantity 
of the steam supplied to the engine cylindei 
There aie two distinct methods hy which 
the govemoi may conti ol the engine levolu 
tions Through such levels and links as aie 
necessaiy the govemoi may either operate a 
throttle valve or it may altoi the point of 
cut off m the engme cylinder The position 
of the valve of the throttle valve detci 
mines the quantity of steam passing to the 
engine valve chest If the quantity pass 
mg through the throttle valve be curl ailed, 
expansion occuis (without any work being 
done) immediately the steam passes tluough 
the valve and before entry into the oylmdei 
By throttling, therefoie, the initial piessuro of 


tluough the pi Relations and tliciefore tluol- 
tling of the steam The govemois for small 
tlnottle valves aio usually belt duven, but as 
the belt clave is not a positive drive it is not 
suited foi a close conti ol of the engine speed 
A safety device is sometmes provided to pie- 
vent excessive engine speed m case of bicak 
age of the govemoi belt The sloam mam is 
connected to the llango E , flange F is connected 
to the cylmcloi valve chest The airows in- 
dicate the di tection of flow of the steam when 
the stop valve is open The govemoi base 
piece hts into the machined poition marked G 
The combined stop and throttle valve complete 
v ith a pendulum govemoi ai e shown m position 
on the engine, Ftq % at Z and GR respectively 



the steam entering the cylmcloi depends upon 
the engme speed In the alternative method 
the governor may bo arranged to alter exthei 
or both the valve tiavol and the angulai 
position of the eccentnc sheave whilst the 
engme is running The initial pressuio of the 
steam cnlenng the engme cylinder is eon 
stant but the quantity admitted per stioko 
is variable and depends upon the engine 
speed 

The throttling mothod of conti ol is common 
for engines developing no great powoi A 
simple throttle valve combined with a steam 
stop valve ai ranged within the one easing is 
shown by Fiq 9 One end of the link L is 
connected to the sleeve of a centrifugal 
governor, and the othei end to tho lever A for 
rotating a cylmdiieal throttle valve The 
position of the governor balls and sleeve as 
before depends upon the Sliced of the engine 
Any vertical displacement of tho sleeve is 
lommumcated by tho link to tho lover and 
produces slight rotary movement of tho 
Iirottle valve B within its casing 0 As tho 
perforations of the throttle valve and tho 
hrottle valve casing are coincident at noimal 
ipeed engine, slight rotation of tho throttle 
ralve means reduction m available area 


Fig 10 shows a shaft govemoi anangecl to 
altei the angulai setting of the eccentnc 
sheave and so conti ol tho cut off The gear 
is symmolrical m outline Pivoted at P to 
a wheel mounted on the engme crank shaft 
is a pendulum weight and arm W Between 



Pig 10 


tho pivot and tho woighi is attached a spring 
8 The other end of the spring is secured 
to tho wheel Tho eccentric sheave E is 
integral with a plate bored an easy fit for the 
crank shaft so that rotation of tho sheave 
may leadily he accomplished A connecting 
link I i is scoured to the plate and the pendulum 
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weight aim by pins On the engine revolu 
tions inci casing beyond the noimal, the 
weights under centrifugal action move out- 
wauls despite the resistance offered by the 
spnngs, and by means of the links slight 
xotation of the eocentne sheave ensues An 
adaptation of this governor permits of simul- 
taneous vauation of the angulai position and 
of the ttuow of the eccentric sheave 

Governing by altering the cut off is some- 
times performed by the gear shown m Fig 11 
Pivoted at P to the governor stand is a 
slotted link SL, to which is attached by a 
pin the eccentric rod ER The angular 
position and throw of the eccentric is in- 
variable The end of the valve rod VR 



termmates m a pivoted block B capable of 
sliding withm the slot of the link The 
lever L is fulcrumed at A to the governor 
stand Bemg attached to the governor sleeve 
at C, its angular displacement depends upon 
the speed of the governor At D a supporting 
rod It is jointed to the other end of the 
level L The lower end of R is attached to 
the valve rod by a pm and carries the weight 
of the valve rod end The angular displace- 
ment of the slotted link does not depend 
upon the speed of the engine , the longitudinal 
travel of the slide valve depends upon the 
position of the block withm the slotted link, 
and as the position of the block is deter- 
mined "by that of the governor sleeve, the 
governor control is by varying the cut-off 
(vn ) Reversing Gear — The most common 
form of geai for reversing the direction of 


rotation of an engine is the Stephenson Link 
Motion Reveise Gcai Fig 12 lliustiatos 
this gear Two eocentne sheaves keyed to 
the engine ctank shaft aie used, one being 
for ahead running and the other fox tun- 
ning in the reveise dnection The eceentne 
rods ER are coupled to opposite ends ol a 
slotted link S A block B capable of sliding 
withm the slot is pm-jomted to the valve 
spindle end VS The slotted link is placed 
m any desned position with icspcct to the 
block by means of the pull tods R and tho 
reversing shaft and level L Tho ie<|iUHito 
motion for the reveismg shaft may bo pi ovided 
by a screw or othei convenient form of conti ol 
When the block is immediately m front of 
the one cccentnc rod connection, the valve 
travel is duo to that one ccccnti it sheave , 
and when placed immediately m fiont of tho 
other eceentne rod connection tho valve 
travel is due to the xe verse dnection eceentne 
sheave, and the engine xuns in the levoise 



direction At any intermediate position the 
valve travel is due to tho sum of the effective 
motions of the two eccontncs In addition 
to permitting of leveismg, this geai allows of 
“ linking up,” i e altering the cut off (whilst 
the engine is lunnmg) to cope with the condi- 
tions undei which the engine is working 
The Allan and Gooch Link Motions, modified 
tions of the Stephenson, aie not very fre- 
quently used , other geais, leqiuimg but one 
eccentric sheave, or perhaps none, are some- 
times employed 

(vm) Clearance — The limit ol tho piston’s 
stroke is some small distance from tho eyhndoi 
cover nearest the piston This small cl mien 
sion, ranging from about one-quarter inch for 
small pistons to one inch f oi pistons one hundi od 
or more inches m diameter, is called tho “ dear 
ance,” or the ** mechanical clearance,” oi the 
piston Clearance allows f oi slight iri egulanties 
m manufacture of the various parts of tho 
engine as well as for subsequent slight vana 
tions m the relative positions of the vauons 
parts due to wear and readjustment, and tom 
perature changes The “ clearance volume ” is 
the volume due to the mechanical oleaiance 
plus the volume of the steam passage or 
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passages m association with that paiticulai 
end of the engmo cylindci The woikmg 
volume of the cylmdei is the volume swept pei 
stioke by the piston, i e the cioss-seetional 
area of the cylmdei multiplied by the stroke 
of the piston The cleaianco volume is 
usually somewhcie between 7 and 15 per cent 
of the working volume 

(i\ ) Expansive. T V cnhnq — If steam be used 
expansively, u if the cut off be at some 
fraction of the stroke instead of at the com- 
pletion of the stioke, the terminal volume 
of the steam is huger than the volume of 
the steam admitted, and conespondmgly the 
tetimnal piessme of the steam is lowei than 
the initial admission pressure The actual 
volume of steam expanding m the engine 
cylmdei is the volume admitted plus the 
volume of the icsidual steam m the clearance 
space, and the “ actual latio of expansion ” 
is the volume swept by the piston — the 
working volume — plus the clearance volume, 
divided by the expanding volume at the 
point of cut o£t From the point of cut-oil 
to the completion of the stioke the volume 
of the expanding steam gradually increases 
whilst correspondingly the piossuie falls The 
pressure of the steam leaving the cylmdei 
is usually at a few pounds per square 
inch below the terminal piessuie duo to 
expansion 

By using steam expansively a greater 
amount of work is performed pei pound of 
steam used than, if the steam woio admitted 
during the whole of the stioke If a diagiam 
be diawn giving the pressure of the steam 
at any instant during the stroko of the piston, 
the aiea of the diagram represents to some 
scale the work done per stroke of the piston 
Such a diagiam may bo obtained fiom the 
actual engine cylinder by moans of an 
“ indicator,” and the diagram is called an 
“indicator diagiam” If the indicator and 
the gear for driving the indicator be in good 
condition and w r ell designed, the resulting 
indicator diagrams faithfully record the con- 
ditions existing within the engmo cylmdei 
Finality m steam-engine design has not been 
reached, and the constant endeavour of 
designers is to meroaso the output per unit 
of working volume of the cylinder, Assum 
mg the length of the .engine stroko and the 
diameter of the engmo cylmdei to bo iixed, 
and saturated steam to be used, any increase 
m output must be duo to somo change 
resulting m an mcioase of the area of the 
indicator diagram or an meroaso of the 
number of revolutions per minute Should 
increase of the lattor be not allowable, for 
moi eased output the area of the indicator 
diagiam must be mci eased, and this can bo 
accomplished (if the cut-oil remain unaltered) 
by increasing the initial pressure and lowering 


the hack piessuie The lowering of the ex- 
haust piessuie is accomplished by causing the 
engine to exhaust into a vacuum It must 
be lemembeied that to piovido plant to 
croate a vacuum is initially costly and also 
expensive m upkeep Inci easing the initial 
pressure introduces opciatmg tioubles in- 
separable from the use of high pressure 
steam 

§ (3) Compound Engines —To use steam 
as efficiently as possible the heat content of 
the steam at ontiy to the engine cylinder 
must bo high, and at the exit from the 
eyhndei it must be low The initial pressure 
theiefoie being high, since it is desired that 
the exhaust and terminal pressures should 
be neatly equal, the zatio of expansion is 
high In a single - cylmdei engine of usual 
design the early out off thus necessitated is 
veiy undosnablo, but if the same latio of 
expansion be performed by steps or stages m 
two or moie eyhndei s many of the objections 
disappear Such step oi stage expansion is 
termed “ compounding ” The iiist step is 
performed m a “ high- piessuie cylmdei,” and 
the last step m a “ low-piessuie cylmdei ” If 
the engine be a two stage engine it is called 
a “ compound engine ” , if thice stages axe 
used the engine is called a “ triple expansion 
engine ” and the intermediate stage is per- 
formed m an “ inter mediate piessuie cylin- 
der ”, if four stages are used the engine 
is called a “ quadiuple expansion engine ” 
and the mtonnediato stages are peiformed 
m “ hist intermediate pressme ” and “ second 
intermediate pressure ” cylinders respectively 
Sometimes it is considoied advantageous to 
porfcoim the woik of the high-piessure cylmdei 
(oi pei haps the low piessuie eyhndei) m two 
cylinders In inauno service four cylinder 
tuple expansion engines are not uncommon 
In such engines ihoie are two low pressure 
cylinders collectively doing the work which 
ordinarily one low pressuio cylinder would do 
m the more common threo- cylinder engine 
Compound locomotives sometimos have two 
high - prossuro cylinders exhaust mg into one 
low-picssuro cylinder, and although theie are 
throe cylinders the engmo is not a triple 
expansion but a thioo- cylinder compound 
locomotive Sometimes the cylinders aie 
auangod “tandem,” ? e the piston lod of one 
cylmdei is directly connected to the piston 
of the adjoining cylinder, so that only one 
crank and connecting rod is roqimed for the 
two pistons and piston rods The ordinary 
single -cylinder engine is called a “simple” 
engine, and if two such engines are ananged 
on the same frame and drive a common shaft 
the arrangement is said to be “ twin simple 
engines ” or a “ twm engine ” 

§ (4) Tim Condbnsibr — In compound, 
triple, and quadruple expansion engines 
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the terminal jnessure m the low pussim 
cvlmdei is usually between si\ and foui 
pounds pel square moll absolute A lowoi 
piebsure than this is not usually desned 
because of the increase m size of the low 
pressure oybnder due to the rapid increase 
in volume of the steam at the higher vacuum 
The steam is condensed m a “ condensei,” 
and the pressure m the condemnor is slightly 
less than m the engine cylinder The type 
of condenser used is determined laigely by 
the amount of water available for condensing 
the steam In marine seivice, where thcio 
is unlimited water to be had, the surface 
condenser naturally is used In essence, the 
surface condenser consists of a battoiy of 
small-bore tubes, usually about thiee quartets 
of an inch m boie, arranged within a casing 
so that on one side of each tube the exhaust 
steam cnculates whilst the cooling water 
passes on the other side The condensing 
water and the condensed steam aio thus 
kept separate and distinct from one another 
For land service where the amount of water 
for condensation of the exhaust steam is 
strictly limited, an evaporative fonn ol 
surface condenser is sometimes used In this 
condenser the steam is condensed within the 
tubes by a small quantity of water flowing 
across their exterior surfaces In the class 
of condenser commonly used for land purposes 
the steam and condensing water mingle, and 
the condenser is called a “jet condon ser ” 
There are two distinct varieties of jet 
condenseis — the “parallel flow” and the 
“counter flow” In the parallel flow the 
steam and the condensing water both enter 
at the same end of the condenser, whilst m 
the counter flow the steam enters at the 
bottom and the condensing water at the top 
of the condenser The counter flow is the more 
efficient of the two arrangements 
The an leakage past the gland where the 
low-pressure piston rod enters its cylinder 
is considerable, and, together with the air 
passed over from the boiler with the steam, 
necessitates the continual use of an ** an- 
pump ” m order that a vacuum may ho 
obtained and maintained Generally, m addi- 
tion to removing the air from the condensei 
the air-pump removes the water of condensa- 
tion from the surface condenser, or the water 
of condensation plus the injection water from 
the jet condenser Usually the air pump is 
driven through the medium of levers and links 
from the engine cross -head or piston rod 
In horizontal engines the condenser (with its 
pumps) is generally arranged under the engine 
m order that the exhaust pipe may be of 
minimum length Long exhaust pipes are 
inefficient and undesirable For the same 
reason the condenser in vertical engines (so 
common m marine service) is mounted on the 


engine* fi union oik as i lost as po mbit (>• (ha 
lowpiessim cylmdei The totulen um uatei 
is uk uhitod by a “ c im ulat mg jnunp ” smm 
times dm on by the engine m sometnms m 
dopondeutly 

ij(5)V\LVis With the sun pie I) dale valve 
of 4 and f>, independent conlioj u{ (be 

cycle of events is not possible Should tie* \ al\e 
besot to give an early out oil, an eath telena 
and compieHsion also on tit To jm t mil (lie 
timing of the admission poitiou ol (be y\tle 
to bo altered without allot (mg (ho timing 
of the exhaust lias bum tin' objut ol nmuy 
schemes The aiiangemonl shown m /*/»/ III, 
called the “Meyer expansion valve,' has 
boon tnut h used to tins end Two complete 
sets of ec eon lues with rods anti valve spindles 
aio ncsecssaty The* mam valve* is dmen In 
its spindle I) and mipmcntes m tin usual 
maniioi over the three passages ol tin* < vlmdet 
valve lace The main valve is m eeioncc a 
simple slide valve with the addition at emit 



end of a steam poit H« As m (la* simple slab* 
valve the steam lap is 1 ho amount h Tim 
lap L controls the passage leading to the left 
end of the engine cylinder, but tin* Hejmrutelv 
reciprocated expansion valve A cmihuls the 
steam supply to the ecu responding mam vahi 
port Hence tho steam supply to theeuguit 
cylinder is determined by A and H, and (In* 
exhaust from tlio oylmdei is determined by (he 
mam valvo exhaust edge's K and G \niyum 
the cut-off whilst the engine is i uniting i»* 
readily achieved by providing tight and loft 
hand screw threads on the valve spindle (*, 
and arranging that 0 may be* rotated slightly 
without affoetmg its reciprocal am Pat (ml 
rotation of 0 either closes or sepHudes some 
what tho parts A and Ii, and llterefme idler** 
the period of opening of the ports N lo steam, 
Tho screw threads are ot the same pitch, i t, 
rotation of 0 produces equal longitudinal 
movement of A and B, but m opposite 
directions 

It is common praotioo m large stationary 
engine design to discard the slide valve and 
substitute m its place four valves, two valves 
lei controlling the steam supply to the 
cyhndci and two valves for jugulating (lie 
exhaust from the cylinder. A great advantage 
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of such an anangement lies m tlio cui tailing 
of the waste clearance volume due to long 
steam passages Whether the four valves 
aie ananged m the cylmdoi covers 01 m the 
ovhndei bairel itself, the length of the pass- 
age fiom the valves to the cylinder ban el is 
slant Tn hoii7ontai engines it is usual to 
place the steam valves on the top and the 
exhaust valves underneath the cylinder ban el 
If leasonablo caie is taken m the design of 
these valves, veiy efficient drainage fm anj, 
steam condensed within the cylinder and its 
passages is possible It is piefeiable to use 
separate valves foi the high- and low tompora 
tuie steam latliei than one valve for alternat- 
ing tempciatuics Eoi the four valve scheme 
two distinct foims of valves and geais have 
been devised, and each has given its name to 
recipiocatmg engines using that special foim 
Engines fitted with locking valves aie named 
aftei the ougmatoi of such valves m their 
application to steam engines, and aie called 
“ Corliss engines ” Engines employing the 



other form aie known as “ Drop valve 
engines ” because a diop valve is used 
(1 ) Goilu S9 Vnhe s — A typical cylinder 
barrel with covers foi a Coiliss engine is 
shown m Fig 14 Part of this figure is m 
longitudinal section and part m outsido view 
The closeness of the valves to the working 
volume of the cylinder is very maiked 
At A the steam entcis a steam belt i mi- 
ning longitudinally above the cylinder bairel 
This belt terminates at each end m a casing 
B containing the steam valve foi that end of 
the cylmdoi The exhaust valves are arranged 
to woik within similar shaped casings C, and 
the two exhaust casings are connected by a 
longitudinal belt underneath the cylinder 
The exhaust pijie is connected to a suitable 
facing I) on the exhaust bolt At E diainago 
provision is made Cross - sections of the 
valves aio shown m Ftq 15 The steam 
valve at the point of admission is shown at 
(a), and full open to steam at (b) The exhaust 
valve is shown at point ol iclcase at ((), 
and full open to exhaust at (d) The valve 
spindle attached to each of the valves protrudes 
thi ougk a steam-tight stuffing box with gland, 
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and is fitted with a levct, as shown dotted in 
the four sketches 

Each of the two sots of locking valves is 
worked by an ecccntnc This permits of icady 
variation m both steam and exhaust cycles 
In one anangement of the valve gear the ex- 
haust valvo levels aie connected by links it) a 
cncular plate mounted on a spindle fixed to 
the cylmdoi about midway between the valvos 
Tho exhaust occonltie iod is also coupled to 
this ciKulai plate and gives to it a vibia 
toiy motion which is fiansmitted Enough 
tho connecting links to the locking exhaust 
valves Eor the steam valves a similar plate 
is usod, and the eeeentnc for tho steam valves 
is coupled to tho plate to pi ovule the desired 
motion Tho steam valves work under tho 
joint influence of tho steam valve cccontue 



and a governor The mechanism is com- 
plicated, and is such that tho cut oft m always 
lapid Governing is by variation m cut off 
Largo vortical engines have boon constmeted 
m addition to the moio common horizontal 
pattern for chiving nulls, factor ios, eloetrie- 
hght plant, etc , and havo proved successful 
m normal working Civon that the design 
is satisfactory, sweet and efficient running of 
tho Corliss ongmo depends upon tho care with 
which tho numerous adjustments are made 
and main tamed If not given ade<piato atten- 
tion tho wo) king is noisy 
(n ) Drop Valve v — The valvos and valve 
operating mechanism of tho chop valve form 
of engine differ m principle from those already 
described. To allow steam to pass, tho valves 
are raised bodily fiom their seats, closing 
being effected by dropping the valvos on to 
their seats Foui valves aie required per 
cylinder — two steam and two exhaust valves 
The operation of these four valves is through 
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the agency of a “ lay shaft ” The axes of 
the lay shaft and the engine cylinder aie 
parallel, and the lay shaft extends almost the 
^hole length of the engine The motion of 
the lay shaft is one of rotation, and the speed 
of rotation is usually the same as that of the 
engine crank shaft As the lay shaft is 
an <mged at right angles to the crank shaft, 
rotation is transmitted either by bevel wheels 
or skew gearing 

The commonest form of lift valve is that 
shown at D, Fig 9 The surface of the valve 
actually m contact with the valve seat when 
the valve is closed is small, m older to ob 
tain steam -tightness The angle of the valve 
seat is 45° If 
the pressuics 
above and be 
low the valve 
when the valve 
is closed are 
not equal, 
some foim of 
gear is required ■ 
either to keep 
the valve m 
position or to 
open the valve 
when desired 
In Fig 9 a 
screwed spindle 
S is provided 
foi both pur- 
poses The un- 
balanced steam 
lead on the 
valve may be, 
and m fact 
usually is, con- 
siderable Poi 
some purposes 
c the lack of 
balance of such 
Fig 16 steam leads is 

not of great 

moment, but m valves controlling the steam 
distribution of an engine making perhaps 200 
revolutions per minute any considerable lack of 
balance is prohibitive, smee tlie operating gear 
would be subjected to unnecessarily large loads 
The balanced double-seated valve of Fig 16 
has been designed to overcome these operating 
difficulties The seats are at D and E, and 
the valve is shown full open The cover 
securing m position the valve cage also carries 
the gear for imparting the requisite motions 
to the valve at the correct intervals The 
nearness of the valve to the cylinder bore A 
and the cylinder cover C is noticeable, and 
the waste clearance space is correspondingly 
mn&ll Difficulty has been experienced in 
keeping steam-tight the valve faces of double- 
beat valves, and as a result modifications to 


the design shown have boon mtioduud, but 
the balancing of the steam loads h alwu\4 
kept m view As m iho Collins on gnu , st< am 
to the valve comes by way oL a ioiigiiiului.il 
belt B In an engine i tinning at ISO i evolu- 
tions por minute the pound (oi steam adnus 
sion, if the cut oil ho at one qu uter stroke, is 
one twenty fourth of ft second Dining this 
shoit intei val iho valve must both open and 
close A positive mechanism is mipeiatne, 
theiofoio, fm updating the valvis Usually 
tho valves aie pressed open by some bum of 
cam goal and fouiblv dosed bv n sluing 
spring The operating foices me < h uly in 
the nature of a ham nun blow and the at 
might i caddy be deseubed as peieiinsix e, 
The necessity foi tho elimination as fit i ns 
possible of all unbalanced loads is t It m If 
the design of the goal is not theoretic dh 
sound no amount ol taio and attention by 
engine attendants can prevent noisy woikim.% 
severe wear and teai, and muebabddy in sei 
vice The hammoi blow of tho closing valve 
is softened eonsidoiably by trapping an undet 
the piston P woikiug wilhm the spuni* cylinder 
G Somotimos oil is used instead of an The 
amount of cushioning oiled, may readily he 
contiollcd by a small valve not shown m the 
lllustiation Tho end ol tho level fm piessmg 
open tho valvo is lettered U Tho valve gear 
is not shown Ail oecenlne complete with 
its stiap and lod is necessary Im operating 
each valvo Tho foui oecontiio sheaves nit* 
mounted on tho lay shall Governing m 
accomplished by varying tho point ol ouDidl 
Either a slialt governor or the mote common 
pendulum governor may bo used foi emit lol- 
ling tho admission period. The oxlutm t 
valves are not governor - eoulmlled Tho 
remainder of the engine presents no ummu d 
features other than that the (tank and con- 
necting lod aie endowed and that lubuent ion 
of the healings is foieed instead of tin* citsinm- 
ary oil -box and cotton -wick method being' 
used Tho oil m tho simple common method 
is transferred hom the ml box to the bearing 
by capillary action (hooves cut m the hom- 
ing allow the oil to come into emit not with 
the journal within tho beating. 

Some manufacturers preier to substitute 
gridiron slide valves for the exhaust drop 
valves Essentially a gridiron slide vitlvo 
is a metal plate perforated with perhaps 
three slots This plate slides upon a vnh o 
face perforated with similar slots, thus allow mg 
communication with tho exhaust to be estnh 
bshed when desired By tho use of no vend 
slots a considerable opornng to exhaust ih 
possible with but a short valve travel. The 
gridiron valves are driven by eccentrics from 
the lay shaft, ono valve being provided at 
each end of the engine cylinder ' With this 
arrangement also the waste clearance volutm* 
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A a small and the cylmdei (damage is auto waste clearance volume is veiy small, and the 
mntic total cleaiance volume is about 2 pci cent 

(6) Una flow Fnuinf — Tho general of the woi king volume Thcic aio no exhaust 
appeaiance of the drop-valve engine is not \alves m tho usual sense ol the expression 
veiy dissimilar to that of the una flow engine The cylmdei banel and piston aie unusually 
illustiated by Fiq 17 The lyimdoi of the long Tho length of tlie piston is about 90 

pei l ent of the length ol the piston stroke At 
the conti o of length of the cylmdei bail el 
is an exhaust belt Access to this belt fiom 
the cylmdei band is obtained through a 
nnmbci of slots cut m the cncumfcionco of 
the cyhndci hand The length of each of 
these slots is about 10 pei tent of tho length 
ol tho piston stroke 

In a single cyhndci una flow engine tho 
latio ol expansion is as high as m a quadiuplo 
expansion engine Consequently the cut-off 
is very cailv, being rarely lalei than one- 
tenth of the stroke When tho piHton has 
neatly i cached the end of its stioko it uncoveis 
tho exhaust slots and allows an almost un- 
lestncted escape foi the used steam On 
completing about JD pei cent of the i excise 
stroke the piston closes the exhaust slots and 
such steam as is trapped is compressed 
Compiession continues until the end of tho 
stroke is neatly leached and the admission 
valve is ready to open again The coinpi ohhkui 
period is veiy long and the maximum com- 
pression piessujo correspondingly very high 
Tho mdieatni chaguim obtained from tho 
una llow engine cylmdei is strikingly di If went 
fiom that usually associated with steam- 

the cylmdei is alternately 
heated bv incoming steam 
and cooled by outgoing 
steam The four - valve 
scheme is preferable to 
tho D slide valvo m this 
icspoct A fuithei modi- 
fication of tho four valve 
aiiangement is to elimi- 
nate tho mechanically 
operated exhaust valve 
and so make tho cylinder 
that the steam flow is 
always m one direction 
Because of the steam flow 
being always m tho one 
direction such engines aie 
called “una flow” (some- 
times “uni-flow”) engines 
The general appearance of 
a una-flow engine is dins- Kia 18 

tratocl m Fiq 17 Tho 

engine is a single-cylinder engine ol about engine practice In the noimal design of 
100 hoise powor at about 180 i evolutions pei una-llow ongmo a high vaouum is nccossaiy 
minute Nearly all tho working parts arc to pi event excessive compression piossuio 
completely enclosed Steam admission is con A jot condenser is usually provided and is 
ti oiled by di op valves woiked by eccentrics placed nnraechatoly under tho ongmo cylinder 
from a lay shaft, as m the chop valve 1 ongmo The exhaust slots aro so huge m area as to 
Tho chop valves aro arranged m the cylmdei oiloj piactically a negligible resistance to tho 
/rovers, as may bo soon from Fvj 18 The exhaust steam, and the vacuum m tho ongmo 
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cylinder is practically that m the condenser 
To prowde against damage due to excessive 
Ua>e in compression pressure, should there ho 
leakage past the admission valve or a fall 
m vacuum, spring- loaded relief valves ato 
piovided Provision is made for running the 
engine temporanly non-condensmg by throw- 
ing into communication with the bore of the 
cylinder an additional clearance space in each 
cylinder covei These additional cleaianco 
spaces are controlled by valves 
Superheated steam is generally used foi una 
flow engines The piston under the action 
of high tempeiature needs lubucation A 
mechanical sight-feed lubricator is piovided 
for the purpose Lubrication of the mam 
heanngs, connecting rod, and cross-head is 
foiced, the oil being circulated by an oil pump 
driven by the engine itself 
In Fig 17 a large cylindrical casing around 
a portion of the lay shaft and almost touching 
the front eccentric will be noticed This 
casing encloses a shaft governor capable of 
fine speed regulation It moves the eccentncs 
and so vanes the cut-off to suit the load on 
the engine The handwheel at the extieme 
end of the lay shaft is for speed adjustment 
bj altering the governor conditions whilst 
the engine is in motion 
Uniformity of turning moment is usually 
a requisite m engineering practice As has 
been shown by Fig 3, a smgle-cylmclei engine 
gives a maximum cyclical variation and range 
The flywheel therefore must be much heavier 
than would be necessary for a multicrank 
engine developing m the aggregate the same 
pow er as the smgle-cylmder engine Although 
the flywheel of the una-flow smgle-cylmder 
engine is extraordinarily heavy, the una flow 
engine is cheaper to build and operate than' 
the multicylinder engine Una flow single 
cylinder engines have been used for driving 
alternates direct-coupled to the eng me mank 
shaft to run m parallel where the permissible 
small VanatlQn of tnmin e is extremely 

“ I T High-speed Engines —The so called 
high-speed engine” is due to the demand 
of electrical engineers for an engine to drive 
u hen coupled direct to electric generators Its 
correct designation is “ quick revolution,” as 
the mean piston speed due to the short stiolce 
employed is comparatively slow Its great 
success for this exacting service led tf its 
apphcation elsewhere, and although the steam 
turbine has practically superseded the quiclc- 
revolution engine for electoral purposes the 
engine nevertheless, is m demand Ta com 
vement, reliable, and moderately economical 
prime mover It is usually vertical, and £ 
fore possesses the advantage of requiring but 
little floor-space It is very compact ff no 
great W ^ ht P“ of power develop^ and 


I s ? made oithei as a simple, < nmpinind, t>i 
tuple expansion engine, using eifh< i mIumIm! 
m supuheated si earn This hum of eirnme 
is conducive to high < fluiem v, but d high 
ofliuenov is to be maintained (he euume imisl 
be ke])t m good lunmng condition, k>tittk 
revolution engines will not uoik Haled , u tuiih 
undei conditions ot neglect sue li as an* tnsn 
eiatod too frequently with the iimnmg of the 
rIow-i evolution engine 

Tho ibflu ulties oi iidequntefr liibiieuhng tin 
moving pails ot the lugh-involution ongme 
woio not sat isi act only solved until tho enc Insetl 
fonn of engine was designed Thus t\pe of 
engine is illustiated by Ftg 1<) Vll tin* 
woikmg ])hi I s no one luseri m an oil tight 
case, and usually alt that is in High l out ante 
the ease ih a small piece of (he* piston md and 
of the valve tod Eubi leatum of tho \ouuiih 
healings ih oiloeted under pressure The 
maximum oil pleasure used is about thirty 
pounds pei Hcjuaio meh A hmuiII plungm 
pattern oil pump dnven liom the* end of the 
ciank shaft emulates the ml tlnough pa cwigiu 
and pipes The bearings are flooded uith ml 
Tho oil escapes at the eudH ot the heat mgu and, 
dropping into tho wc*ll formed bj (ho mank 
oaso, pawsoH through some iorm ot cooler and 
is fatiamed befoio entonng tho oil pump to t on 
tmuo its journey once moio to the bearings ff 
each bearing is to icecuve Us fan Klmro of lubr r 
cant, all the boanngH must be Imely and urn 
formly ad] listen 1 When tho engine m 
nothing of the oiling piovimon is \isiblc» <*\eept 
an oil piessuie gauge The quantity of oil in 
tho oiling system jh usually such that tho crunk 
and the lowei end of (hn connecting rod nnm 
through tho stoic of od m about one sixth 
of a revolution This materially aids the 
lubrication ot tho ciank pm. Them ih tui 
inevitable loakago ot condensate whom the 
piston and valve khIh euto. (lie rmuiip:. nn.l 
tlio watei finds its way mto (lie .rank emm. 
Piovision should ho made (tf if, has iu,l been 
cone y the ongme buddois) foi periodically 
teimmng tins water and also Iho vvalei ..f 
separation fiom tho lubricating ml tilneetl m 
the ciank case If surh bo net nmde, flu* 
crank churns the ml and water min a \ mi mm 
mivtme of about tho emiswtonry ef mount ati.l 
of little value as a lu nnant, and the | H chhi„.. 

Ihrmt r mf? aySt T d, ° 1>s 1,1 an Hnanfo bj/uie, 

about five pounds pei squaio mob If (lie 

mtv faj 'VTZf l l(V| todioally, (he name ml 

lunmnv A “l ^ ° lan ', C MUro tor mat '. v «<•.•).« 
unnmg A valvoloss ml imnip is piorprnbio. 

a quick -revolution, ongme rtms at sax 
mvm tunes the speed of an ordmary ongme of 
equal power— and this is not imomiid (be 

thTcXSw ll han!?0 b0tW< '° n ihn st( ' a,n Hn<l 

ymder walls is ono-sovonUi Unit of #he 
ordinary engine When runrung iit X 
revolutions per minute the period ^of oxhtXu 
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occupies less than one fomioentli of a second 
As tlie tune for heat flow is so shoit tho 
cylinder condensation duo to heat flow is 
correspondingly small 

Because of the high numhoi of revolutions 
the size of tho engine cylmdei is i datively 
small This contributes to a minimum heat 
loss due to lactation pm pound oi steam 
enteimg tho engine, and therefore tho high 
1 evolution engine is again pi of u able Addi- 
tionally, the amount of coveung piovidod on 
the hot surfaces m high-i evolution engines is 
in m ai keel contrast to tho almost unclothed 
cyhndeis so common in slow i evolution 
engine practice Tho cylinders, pistons, and 


icquued to set it foi tunning in the reverse 
direction 

Usually a governor is ananged with its 
axis horizontal, and is placed at tbe free end 
oi the crank shaft The governor presents no 
special features other than that it works in a 
horizontal position Tho hinged weights undei 
the control of tho poweiful spungy occupy 
dehmte positions at definite engine speeds 
Tho position of tho weights is communi- 
cated to the sleeve and through the medium 
of a level and loci to n u u 
double-beat governor con- ] { 
tiol valve placed at tho 
steam entrance to tho valve 
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valves are arranged to be sdf-diammg and 
water pockots are eliminated When arranged 
foi using salinated steam a “sepmaior” is 
provided to chain as much as possible of the 
moisture held m suspension in tho steam 
before the steam enters the valve chest 
iSteam distribution is usually controlled 
by a “piston valve” A piston valve is a 1) 
shdo 0 in which tho flat valve face is 
1 ^*0* — ^fl'^N^n.dor Piston valves are free 
p^ve mfluoncocr^^^^ load and ocoupy 
srfm of reciprocating enpi^ of an unusually 
sue, f to-day The Jaifr § of tho rapidly 
alternating x ver built h** ^ subjected 
Enclosed engines < <?rag^ ^ 
when running, but 


cylmdei engines, t „ 
arranged that only 


oi reversing 
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chest TJie position of the valve determines the 
quantity of stoam passing tho valve, and oontiol 
of tho engine speed is therefore by throttling 
With this form of governor oonti ol it is possible 
to woik with a maximum momentary variation 
tn speed of but 2 poi cent and a permanent 
variation of less than 1 per coni when full load 
is suddenly i omoved f i om tho engine With the 
exception oi tho weights and spi mgs the moving 
parts of the governor gear are very light and 
easily operated A heavy flywheel is essential, 
particularly for the single - cylinder engines 
A tachometer or revolution indicator is pro- 
vided, driven from the engine shaft by a belt 
§ (8) Thru) Locomotive — Tho present-day 
locomotive engine is a compact self-contained 
steam plant remarkably powerful for the space 
occupied, whilst possessing exceptional flexi- 

3o 
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bility m operation The form of steam 
^eneratoi used, and the general disposition of 
the engme parts still bears the stamp of 
Stephenson’s genius Whilst in othei blanches 
of steam engineering the compound engine has 
pro\ ed its right to the first place, in locomotive 
practice generally the simple engine prevails 
The conditions under which locomotives must 
work are unusual and severe Minute by 
mmute almost, the conditions change as 
different gradients are encountered, and often 
extreme acceleration or retardation occuis at 
short intervals The conditions of service 
debar the use of a condensing provision 
Therefore for locomotive service the simplo 
engine has survived 

The steam boiler is secured at one end to 
the frame plates, at the other end it is 
supported, «o allowing freedom for the change 
of length due to temperature variation The 
engine cylinders are secured to the same 
frame plates at the anchored end of the 
boiler This avoids racking the steam pipe 
between the boiler and the engme cylinders 
If the cylmders he placed within the frame 
plates the locomotive is called an “ inside 
cvhnder engine”, if placed outside the 
frame plates the locomotive is called an 
outside cylinder engme ” The exhaust 
from the cylinders is used to augment the 
draught and therefore piomotes rapid steam 
generation If the exhaust were not used 
for di aught acceleration, a much larger and 
heavier boiler would be required The 
pistons, piston rods, cross heads, and connecting 
rods are similar to those used m simple land 
engines, although, owing to restricted space, 
the detail is different The locomotive engme 
is not provided with a governor By an 
intelligent use of the reversing gear and 
the steam admission valve or “ regulatoi ” 
the engine power can be easily adjusted by 
either or both throttling and varying the ^ 
cut-off to suit the constantly altering running 
conditions The double - eccentric reversing 
gear, as illustrated m Fig ]2, together with 
a simple D-shde valve is commonly used, but 
many variations m valve gear are to be found 
Keyed to the crank shaft, or “ crank axle » 
are the two dnvmg wheels ” The driving 

flvwl i { e i he pIaCe 0f the flywheel or 
flywheels of the stationaiy engine The nm 

of each wheel ls provided with a tyre haying 

theTh^ f ° r the raih on which 

the wheels roll Adhesion between a tyre 

and a rail depends upon, amongst other 

In orter to pressm § ihe tw0 together 
in order to take advantage of the weignt of 

the locomotive, and m new of the wemht 

npion any one axle being restricted to some 

ten rf th’T ? ependln S u P° n the construc- 

mor* A tra ° k ’ 6tC ’ fhe wheela * two or 

wore axles are usually coupled together 


The coupled wheels net us Mipph nn nt u\ 
duvei wheels To enable the \\ tin t * f « * hi 
coupled, they me pimided with <i ink pm * 
and the templing mds ennneei (lit «e < taril 
pins and enuno all tho wherli l«> i«\m|\* 
togothei In the roiuiuim two i\luirj<r 

locomotive the engine iimiki m nn m*nd 
at light .ingles to one miufhei 'T1 1 1»* r 

benohtial, not only bemuse i( uditu . fit* 
fluctuation of the funding nnnmul, but 
bocauso it enables (in' engine (o at nl fi*»m 
almost any position m which if ni.iv line 
come to rest The axles of flu' eonph d w hr r* 1 
othoi than the uank n\!n uio plum u\I«m 
A maikod difteionoe between the* mIhIumihiv 
and the locomotive engine is flint in the 
locomotive the eiank-Hlmfl healings M nxb 
boxes” — and the bearings hu the other nxlt t 
axe not rigidly fixed to the otenne fi une 
Each beanug ih npimg HUpjmited \\ InM 



constrained hoiizontally Urn npim K mitiimrl 

allows the axlo box a curiam limited mo. 

vertically A typical a\lo hov with iIm •itninir 
support is shown m /><„,. 20. Tim uvl.. |.,. x 
s ides vertically withm the g,„dn 1 h.Ii. d 
the engine fiamo Tim spimg itlmurt)., U 
due to inequalities m tho tiaek. 

Although an engine speed of nlmiil pint 

M T U> w common, lliu! 
although tho conditions l'oHpoeling dust nud 

I x , i . T tlu ' a ' lp within dm .1 vie 
oox is effective In marked emdruNl ... ib, 
care and elaboration of detail r. • ul ,,, „ 
for stationa.'rr ..g ... -IT '' ' 

speeds Onfj^Wt i of 

box comes > gj i.V 

lowei portion of t^hoh la ProM . . >'{ % 

a hollow “ keep's* X " ,fl ! 

A felt fafCty,! 


flnrt AO +T,” , Sienae 

m the ;ToS, 
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axle is well supplied with lubnca.nl Addi- 
tionally, oil is conveyed fiom an oil box f turned 
in the top part of the axle box to suitable 
oiling grooves cut m the bearing surface m 
contact with the axle 

A six-coupled, simple, inside cylmdot, side- 
tank locomotive is shown m Fiq 21 An 
unusual degree of flexibility is given to the 
axle boxes for the ti ailing axle (under the 
coal bunkei) to permit the locomotive to nego- 
tiate cuxves leadily Whilst but a moderate 
sized engine, this locomotive is typical of a 
class m great demand, undex ceitam condi- 
tions, foi home railway service 

§ (0) Marine Engini3S —The modem manne 
leciprocating steam engine at first view docs 
not appear to have much m common with the 
simple engine alieady described Its difference 
m form and detail is solely due to the endeavom 


veiy common , an engine of this si/e for land 
service is laie Whilst lm ceitam marine 
sei vices the leciprocating steam engine has 
given place to the gcaitd steam tuibine, 
this is not because of mediinical defect or 
inability to peiform exacting duty The 
average engine is lemaikably ithablc and 
fiecpiently works undei the most adverse 
conditions Foi “ tiamp ” steameis the le 
cipiocatmg steam engine holds the piotmer 
position 

Tuple expansion ongmes arc customaiily 
used, although quadmple expansion engines 
with highoi steam piessuies and supci heated 
steam aio not uncommon The engines are 
vortical with the cylmdeis aiiangecl immedi- 
ately above the crank shaft A typical engine 
is shown m Ftq 22 The leai columns foi 
suppoitmg the cylmdeis aio of cast non and 



FIG 2J — Mix-coupled Tank Engine foi ilio lit won ami. Moiihyr Kailwnv Biull In 
Messrs Robert Stephenson & (Jo , Ltd , Darlington, England 


to satisfy the requnemonts peculiar to the 
use of recipioeatmg engines foi tho propulsion 
of ships Tho form of cross section of the 
vessel, the necessity of having tho ciank 
shaft xelatLVoly close* to the keel of the vessel 
m order to secure immersion of tho propeller 
when tho vessel is i unmng without cargo, the 
desirability of being able to run continuously 
foi many days without im pan mg tho ability 
of the engine to loveise instantaneously on 
demand, the ability to obtain unlimited sup- 
plies of cooling watei for use m condensers, and 
the inability to obtain, other than to a voiy 
limited extent, fresh watoi for use m steam 
boilers — all these, as well as other factors, 
have influenced the moulding of tho simplo 
form of leciprocating engine into tho marine 
engine of to-day Tho laigest reciprocating 
3team engines ever built have been for mauno 
3ei vice, and tho aveiago size of otfgmc m use 
xt present on board ship is much larger than 
ased elsewheie A “ tramp ” steamer equipped 
vith a two thousand horse-power engine is 


the fiout columns aio of wi ought sicol The 
engine is theiofme mmo open foi inspection 
when j mining, and is less massive m nppeaianco 
than when tho limit columns are of east 
iron also The condense! is at tho back of 
tho engine, and is earned upon biaehois 
funning part of tho rear columns The sea 
water used loi condensing tho exhaust steam 
passes through tho nests of small bote tubes 
burning tho condensing surface, and tho 
steam is oondonsed on tho oxtenor surfaces 
of those tubes For cuoulatmg tho condensing 
water a plungoi pump is usually piovided 
This pump, together with tho an pump and 
sometimes also feed and bilge pumps, is dnvon 
from one of the cross -heads by moans of a 
lover and links Tho pumps aio arranged 
undei and at one side of tho condenser 
The duty of the an pump is to icmove from 
the condenser such an as inevitably finds its 
way in amongst tho exhaust steam through 
the piston i od and poi haps valve lod stuffing- 
boxos, and also the oondonsed steam 
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thrust of the collars to the thrust block and 
thence to the ship itself The crank shaft is 
m three sections To facilitate overhauling of 
the engines when m port, a small simple engine 
is provided at the left end of the mam engine 
The small engine drives a worm which, by 
gearing into a suitable wheel secured to the 
crank-shaft coupling, is able to slowly rotate 
the mam engines to any desired position for 
inspection 

The ordinary forms of governor used for 
land engines are unsuited for marine service 


right column is connected at the upper end 
to the small lever of the throttle vahe A l, 
the lower end of the vertical rod jh a baud 
lever No governor is provided 
The .Stephenson pattern lank motion m fitted 
for reversing The detail m slightly diflmout 
from that of lp%q 12 Tlio reversing shaft is 
at the back of the engine It receives viforn* 
tory motion from a small stonm engine placed 
on the mam engine bed-plate and midway 
between the middle and right hunt columns 
the handwheel of the engine is specially 
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prominent Una simple engine, llnough a 
wmm, (hives <i wheel to which is fixed a ciank 
pm A iod < ( miiocts tins ciank pm with the 
ami hvcd In the revei sing shaft Tlio anange 
ment is such that whilst the ciank pin do 
suibos a c lk 1c the end oi the level of the 
lomsmg shall vibiates tluough about 90° 
Am thcio are no stops foi the icvcis mg links 
to sUiko against, this gear is voiy convenient 
It is < ailed the ce all lound ” reversing geai 
The engine as a whole oan he linked up by 
the level snug goai, as m the locomoiivc 
Ho me times it is considoied advisable to altoi 
independently the cut-offs m the three 
cylinders, and a simple piovision is made for 
Hus to bo done without mteileimg with tho 


anang«d to give a huge opening foi a Bin ill 
tiavel 

(10) NwoomimVs Enoinp —The hist 
successful and pia( tical leuproeatmg steam 
engine was invented and constiuctcd caily 
m tho eighteenth contuiy by Thomas New- 
comen The steam pi casino was low — lately, 
m fact, did it exceed tbit of the atmospheie 
Rapid development was delayed because of 
inability to obtain steam gcneiatois eapablo 
of woiking at piessuies above that of tho 
atinosplicie In tho eaily days of tho New- 
comen engine an attendant was lequneel to 
opeiato tho control valves, but eventually the 
engine was made self acting by mtioduemg 
valve opeiatmg rods attached to the ovcihcad 



beam About tho 
yoai 1711 the New- 
e omen engine began 
to he used tor tho 
pumping of watei 
bom mines, and foi 
about three - quarters 
of a centui y it was 
tho best ])imio niovoi 
m this eoiintiy 

Fuf 2 1 shows 
schematically the 
Newcomen engine 
The piston is shown 
at tho top oi its 
stioke Steam is 
geneiatedm the bmlot 
A, 'whence it passes 
though the eontiol 
valve V, when re- 
quired, mto tho cylin- 
der (’ When tho 
cyhndei is full, tho 
conti ol valve V is 


possibility ol immediately revcismg tho engine 
as a whole 

The high piesmuo eylmdoi is fitted with a 
piston valve, A typical piston valve is illus 
tinted m Fitj, 23 Tho steam supjily ontois 
at S Tho oxhmiBt edges ol the valve aie the 
outside edges in tins instance Tho arrange 
ment shown keeps tho high- tompox atm o steam 
away ftom tho valve rod stuffing box The 
valve wmks within a Imcr which is htbod foi 
ease of renewal in case of w f ear A paitial 
development of the lmor is shown, fiom winch 
tho slope of tho connecting bais between the 
port slots will Ik* noticed The angle is ai ranged 
ho that ndgoB will not be formod on tho siufaee 
of the reciprocating valve The separate steam 
and exhaust openings cut m each end of the 
valve lmor allow for a long guiding smfaco to 
he given to tho valve In principle the valve 
is a simplo D-shdo valve The valves for tho 
intermediate and low-piessuio oylmdois are 
double ported, flat - slide valves, le valves 


closed and a jet of 
cold watei is spiayed mto tho eylmdoi 
tluough tho spiay pipe S The steam m 
consequence is condensed and a slight vacuum 
(dependent upon the tit of the piston in 
the eylmdoi) is burned under the piston P 
Tho pressure ol the atmospheie, acting directly 
on the exposed sin face oi the just on, Joiees 
the piston to tho bottom of the cylinder The 
uonclonsod steam and tho ni'ieetron water escape 
from tho cylinder by tho escape valvo E and 
pass into the feed water tank E At opposite 
ends of tho oscillating beam B aio attached 
by chains tho weighted mine pump lods JVT 
and the just on Tho weights of tho pints 
attached to the beam aro so arranged that on 
completion of tho down stioke, when stoam is 
admitted again to tho eylmdoi, tho piston is 
readily taken to tbo top of its stioke 
No attempt is mado in the Newcomen engine 
to uso tho expansive pioportios of stoam, tho 
function of the steam used being merely to 
facilitate tho formation of a vaouum Leak- 
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age of an into the cylinder is prevented by 
sealing the upper surface of the piston with a : 



Fig H 

layer of water The heat wastage due to the 
alternate use of the cylinder as a steam re- 
ceptacle and as a condenser is enormous, and 
the thermal efficiency of the engine is coire- 
spondingly small The Newcomen engine is a 
single-acting atmospheric engine 
§ (II) Watt’s Engine —James Watt dis- 
cerned its inherent defect when repanmg a 
model of the Newcomen engine for Glasgow 
University In 1769 he patented his improve 
ments, and in his specification laid down basic 
principles which to the present time have 
determined the development of the steam 
engine Although his patent was of far- 
reaching importance, for a few years it re- 
sulted in nothing more than an improvement 
of the Newcomen type of engine— still single 
acting, with steam earned the full stroke, 
only suitable for pumping, but able to make 
an increased number of strokes per minute 
and less wasteful of heat than formeily His 
separate condenser was generally worked by 
injection, although he saw the potentiabties of 
the surface condenser and even made a model 
condenser similar m essentials to those used 
with modern manne engines 
Fig 25 shows the Newcomen engine as 
improved by Watt in 1769 The engine is 


I Single acting, but tho top ot tin* t vhndor is 
l closed The closing of tho uylmdoi top and 
tlie providing of a steam picket Him minding 
Idle cylinder body keeps both piston ami 
cyhndei waim The steam acting oil the 
dipper suiface of the piston takes the pi, no of 
Hie atmospheio m the Newt omen engine ( )uly 
fhe lower end of the eylmdoi ih allowed to 
come into communication with tho tnmlense? 
Thiee valves aie used to control the steam, 
V*, V; and Vj V* is the steam valve, V 4 is 
file equilibiium valve, and V > ih the o\JiauHt 
valve All tin go valves aio open ales! hy a 
ping iod P and tappet Iovoih (not shown) 
The plug iod leeeivoH its motion liorn tho 
overhead beam B The method of n| minting 
the engine is as follows, tommoncimr with tho 
piston at the top of its stioko and joudy to 
stait on tho down stioko the ocpuhbtium 
valve Y a is closed, tho ovhaust valve V, jh 
opened to allow tho undoi side of the piHtou 
to be subjected to tho vacuum of tho eon 
denser C mto which live escaping steam l tom 
the undei side of the piston Hows Tim steam 
valve V x is opened, and the steam passing on 
to the uppei side of the piston fonts the 
piston down to the bottom ol the stroke 
Here the two open valves aio i lowed mid the 
equilibmnn valvo V 2 is opened, so allowing 
gravity acting ilrnmgh the weighted pump 
rods M to bung the piston to tire top ol its 
stroke Eoi icmoving the condensed water 
and condensed stoaiu, and any air that may 
have entered mto tlio cylinder and condense;, 



Fig an 

frn m a k PUmP A " T> r0Vld0(1 ' r Ul(> dmeh.HW 
from this pump ia mto tho hot wdl Ji, f m , u 
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which the loot! pump F diuws its supply ol 
hut water in t feeding the botlot 
Watt saw a multitude ol use's tot las engine's 
if the its ipiocatmg motion ol lus piston 
loci could he (hanged to the jotaiy motion 
of a shaft To achieve this end he devised 
the ciank and c ounce ting - iod mot huniHiu, 
although idaming tho oveihead beam, hut 
on Home one patenting Watt's doueo he pio- 
duecd the sun and planet wheel mechanism 
and patented tho d< tail in 1 781 < hi the' e\pit y 

ot the patent i elating to the mink and con 
netting iod, the mm and planet hum h amain 
wan diseaided and the eiank and (onneeting 
iod came into piactieally umveisul use ms a 
iceipnx ating engine' mechanism 

Watt’s next object was to eliminate 
wanted at toko of his single- 
acting engnu's of 17(>T and m 
1782 he patented Iuh double- 
acting engine At this turn' he 
also patented the idea ol using 
steam expansively, i c of 
admitting live steam only for 
a poition of the stioke of the 
piston and allow- 
ing tlie (plant ity 
admitted to eon- 
tmue doing woik 
by expansion until 
tho piston tenches 
the end of i!h 
stioke hi view 
of each stioke now 
being a pmvei 
Htioke the oiigmal 
chain form oi con 
ncction between 
the piston iod 
and the use dialing 
beam was no longer feasible 
To take its place lie 
tho so called pantile! 

The function of the 
motion is to guide the uppoi 
end ol the piston rod so that, 
whatever tho angle tin* beam 
may make (withm the' d('sign<*d 
limits) the end of the piston rod ih not 
deflected from the veitieal The pi ensures 
at winch lus engines worked mrely exceeded 
seven pounds per square inch above the 
atmosphere, although lie was well aware of 
tho advantage's of using steam expansively 
Fm thor patents were tho throttle valve for 
regulating the admission of steam to the 
engine cylinder, and tho centrifugal double 
pendulum governor for eontiolhng (he engine 
speed by operating the throttle valve He 
also devised the fhsi indieatni fm recording 
graphically the state of affoua existing withm 
tho engine cylinder at any part of tho stroke 
To Watt is duo tho present method of rating 


the* duty oi engines - the hmse powei He 
delated one house powei to he the laihing of 
‘1.1,000 pounds through one loot m ntio minute* 
hi paitneislnp with Matthew Boulton lus 
can it'd on as a commeieiul vent me (he manu- 
ka tine and sah' oi lus engines at winks m 
lliimmgham 

Watt’s double* - at ting engine of 1782 is 
shown dmgiamumticu!l\ m Fuj 2b In addi- 
tion to t I h*> tlie'ii uiHtumnu amuigoiiieiits fen 
pumpni‘% n eontmuous iotmy motion of a 
shaft is provided thtough the medium ol las 


den tsed 
motion 
pm ailed 


ms 



sun and planet wheel mcelmnism, Valves V* 
and Vj are steam valves; V a mid V t are 
exhaust vnlvi'H. (‘ommenemg with the piston 
at the top of rts stroke the cycle of event, s is 
as follows - exhaust valve V a and steam valve 
V,, are eloscd, and steam valve V* awl exhaust 
valve V 4 ate opened. (Steam may now enter 
the cylinder above the piston and press down 
tho piston, the steam from the previous si rolto 
meanwhile exhausting into the condenser (J 
thi ough the exhaust valvo V r Tho purpose of 
tho injection jet d is to condense the steam 
Tho steam valve V t may be closed before the 
completion of the piston stroke and the expan- 
sive properties of tho steam used to complete 
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the stroke For the return stroke the steam 
valve V 3 and the exhaust vah e V 2 are opened 
and vah es V x and V 4 are closed When the 
engine has been thoroughly warmed up and is 
under wav, the opening and closing of the valves 
is performed automatically by a plug rod P 
driven by the oscillating beam B The plug 
rod moves levers connected to the valves and 
so operates the valves The engine speed is 
controlled by a centrifugal pendulum governor 
G driven from the engine shaft by a belt 
The governor actuates a throttle valve T 



placed m the steam pipe S, near the cylinder 
The throttle valve consists of a disc mounted 
on a spindle working within the steam pipe 
The angular displacement of the disc from the 
closed to the open position is about ninety 
degrees 

§ (12) Hornblower’s Engine — To 
Jonathan C Homblower belongs the honour 
of making the first compound engme His 
engine, patented m 1781, consisted of two 
cylinders of different diameters placed side by 
side, the steam doing work successively on the 
two pistons Both pistons were coupled to 
the same end of an overhead oscillating beam 
Owing to an infringement of Watt’s patents 
the expansive condensing engme introduced 
by Homblower was abandoned foi many years 
About the commencement of the nineteenth 
century the idea was revived To what extent 
Homblower appreciated the advantages of the 
compound engine is uncertain, hut nevertheless 
his work marks the greatest advance made m 
reciprocating steam engme construction since 
natt applied his genius to improving the 
Newcomen engine 

The revival of the compound engme did not 
pass unchallenged, and its competitor proved 
itself to be so satisfactory under the prevail - 
mg conditions that compounding again fell 
into disuse Its competitor was the smgle- 
ey Under high-pressure engme, which, at this 


time, bad the advantage of Himphcl y coupled 
with unusual economy Inliodiued ongumlly 
by Riclnud Tievitluck for piopellmg vehicles 
along loads, it eventually, when modified 
somewhat, took tbo form of a pumping engine 
and for many years held sway undei tho name 
of the Cornish pumping engine 
§ (13) Tup Cornish. Eeoieii — In the 
Cornish pumping engme, as was customaiy 
at that tune, the cylmdet was placed to 
work on to ono end of an oveihead beam 
At the other end of tho beam was attached 
the usual heavy pump loci working a pump 
placed at the foot of the mine shall Tho 
down stroke of tho piston was due to steam 
being admitted above the piston, on (be 
stroke being completed the two side's of the 
piston wore placed m equilibnum by opening 
an equilibrium valve sanilm to that used 
m Watt’s single-acting engine The heavy 
pump Kids, under the action oj giavity, 
descended, doing woxk in thou descent and 
bringing the piston again to (he top ot the 
cylmdci ready for anothei power si joke Tho 
valuable expansive pi o per ties of the' steam 
were used by cutting off tho supply nf steam 
early in the stioke Tins, combined with Hie 
relatively high initial pressure used, and tho 
beneficent effects in tho present engme of the 
meitia of the large moving masses employed, 
resulted m unusual economy A small plunger 
pump was used for eontiollmg the frequency 
of the engine strokes The plungei of the 
contiol pump w'as raised by the engine beam , 
the descent of tiro plunger was controlled by 
the rapidity with wlueh tho fluid midei the 
plunger was allowed to escape through an 
adjustable oufree Tho steam and exhaust 
valves wore oonti oiled by levers and < itches 
which tho plunger m descending o pm airs I, 
The plunger contiol pump was ealled a 
oataiact A similar pump •was used lor wink- 
ing the equilibrium valve, and was set so that 
a decided pause occuned when the pump tods 
were at the top of their stroke, thus allowing 
time for tho pump cylinder to till with water 
Whilst the efficiencies of these engine's were 
undoubtedly voiy good, some ot tho claimed 
results of tests are of so startling a < hauu for 
as to cause the trial data to lie legal ded with 
suspicion These engines ploywl a pioinmoul 
pazt in the development of tho steam engine 
as a lelmble prime mover, mid especially 
drew attention to the advantages acoiumg by 
the use of high-pressure steam expansively 

^‘Naucuit’s Enchnk! About, tho 
middle of the nineteenth century tiro second 
revival of the compound engme took place 
Facilities for generating steam at higher 
pressures than had been common hitherto, 
the need for augmenting tho power developed 
by existing machinery, and the my for 
greater economy m steam consumption - 
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* impiove i ho existing Watt beam engine by 
l<ling a high pressuie cylmdoi Tho piston 
>C 1 of Ibis cylmdoi was connected to tho 

beam at some convenient ])osition, tho 
'ifikc of the now cylmdoi being made to 
the position chosen Aftoi wo living e\ 
^nsivoly m tho high pressmo cylmdoi the 
>oa.ni passed into the original cylmdoi, now 
biw-pressure cylmdoi, to do fuithei woik 
^oio exhausting mto a condense i As might 
3 expected it was found that the many engines 

* 'bleated had thou total powei gieatly in 
OciHecL and showed a matoiui gam m thoimal 
ticioney (impound engines now tamo into 
Hioial uso, and then advantages became moie 

otiouneetl with the advent of still higlioi 
>iloi pleasures (leneially, vv 3 tlx the exception 
locomotives, the majonty of huge engines 
o now stage expansion engines in the loco 
ot/ive foctois exist winch lendci the stage 
-pension idea cldhoult to apply The hugest 
k volopment of the leeipiocating tompoimd 
c^ino has been m tho maimo seivioo The 
collating beam is no longer uses], thiough 
o medium of Watt’s eiank and (onnoetmg 
<1 mechanism mtaiy motion is pioducod 
blxout the intervention of tho beam Modem 
seines aio veiy dilToiont in appearance fiom 
obo of the oaily days, occupy less space, 
3i^li less pm unit of powei developed, and 
o much mine economical m steam eon 
million, but let it ho lemembeied that tho 
bl wo owe to those idealists and engmceis 
Uio past two centimes is gieat 
The dovelopmont sm< o tho middle of the 
loteenth eentmy has been moio m the 
'cation of wive of unit lather than m the 
plication of hitherto uneonsidered principles 
itli increase m skill m boi lei -making and the 
iliky to obtain boilei matonal of a quality 
<1 reliability unknown to the caiher boilci- 
tkeis, steam pressiues giadually mei eased 
hi I now piessuies of 200 pounds poi squaie 
dr are common r rho two stage expansion 
jrmr has given place to tho thieo and some- 
ich tbo four-stage expansion engine, with, 
Lu rally, increased heat ofhoioney The ad 
iRa^cs oi superheating tho steam, ? o hoat- 
t the steam above the tomporatmo duo to 
ination, have boon investigated, and despite 
oil ihseouiagemont the designmg and 
'lilting of superheated steam plants has 
oivod considerable attention The results 
towards boat eflieieney have been oneourag- 
, mid rapid development is assured 
Plio bulk of steam-engine development has 
ii due to tho activities of tho British In 
utivoly recent years others, howovoi, have 
oi ed the lick! to aid m tho advancement of 
died science In 188/1 L J Todd, i calming 
cuLmosi thermal instability existing m the 
Jrrary form of leciprocatmg engine cylmdoi, 


RECIPROCATING 

attempted to over come the inherent defect by 
inventing and making the one dncctional flow 
engine, usually called the una How (or some- 
times the uni flow) engine In the oidmaiy 
form of ongmo theie is frequent and con- 
tinuous leversal of steam flow so long as the 
engine is nmmng This materially affects the 
he.it clhueney of the engine Ln his engine 
he has arranged the steam flow so that it is 
always m the same duet turn The lesults of 
Ins iesoaithes (luimg tho few succeeding years 
were unheeded, and it was left to German 
engineers to continue lus labours and by caie 
ful and piooiso effort to bring his ideas to 
practical achievement Continental engmceis 
have shown lemaikable poi severance and in- 
genuity m peifeetmg this important fonn of 
engine Tho unusual features aio that the 
ate im ends of tho cyhndei aio always hot and 
tho exhaust portion of tho cylmdoi always 
cold, and that the latio of expansion in a 
Ringlo cyhndei is as gieat as that usually 
found over tho cylmdeis of a tuple ot quadruple 
expansion engine of the oidmaiy altematmg 
How pattoin Only lecently have British on 
gmoeis fumed then attention to the design 
and manufaetiue of the una-flow engine, and 
m 1920 theie was in process of manufaetiue 
a laiget una-flow engine than had hitherto 
been constructed It is said that up to the 
end of 1911 una-flow engines aggregating over 
one half million horse power had been made 
oi weio m process oi manufacture 
4} (15) Stewt ion 1 son’s “Roc let” — As has 
already been mentioned, Trevithick applied 
the reoipioeatmg steam ongmo to the pio- 
pulsion of road vehicles ft was not, how- 
ever, until 1821), twenty five years alter Tiavi 
thick had shown tho possibility of steam- 
driven vehicles, that tho question of home 
veisus steam ti action foi railways was de- 
finitely settled In this year locomotive tuals 
weie c ondueted, and the engine, “ Rocket,” 
made by bleoigo Stephenson, proved itself 
vastly superior to all competitors and gave a 
general outline to the locomotive winch persists 
even yet The cylinders of the early loco 
motives weie placed vertical lv , m the Rookot 
they wcie inclined and after wauls placed almost 
hon/amtally The exhaust hom the ongmo 
cylinders was used to accelerate tho diaught, 
so giving a ready combustion of the fuel, oven 
with a small boiler Stephenson’s boiler was 
a multi tuhulai one Tho products of com- 
bustion passed through those tubes on tho 
way to the chimney Tho tubes provided a 
largo heating surface, and m this icspoet lus 
boiler was in advance of contemporary boilers 
A crude anangemont of gabs was provided 
to facilitate reversing tho direction oi motion 
of tho engine This arrangement eventually 
developed mto tho now common link-motion 
reversing gear Tho link motion also has the 
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advantage of allowing vanation m the latio 
of expansion to be made without stopping the 
engine The manufactuie of locomotives was 
t il v en up by his son Robert Stephenson at 
Newcastle on-Tyne, and had a fax reaching 
effect upon the commercial expansion of Great 
Rut am Restrictions in loading gauge have 
cramped the development of the locomotive 
m Great Britain, but wheie the iestnctions 
have not been so severe the steam locomotive 
has become extraoidmarily powerful and oj 
considerable bulk and weight 


foi coilam maime set via 8 it has bun Mipoi 
seded by 11 k wtoim luibme and tin inti nial 
combustion 0111*1110 Its days an, liuwmu, 
by no mews ovei, anil foi Htnot.il el issos of 
woik it will not ieaddy lie replaced 

Although locomotive and manue engines 
may justly claim the* bulk oi the pouei nl the 
lecipiocating engines mamifsc tmod (lie otliei 
seiviocs to •which Huh hum ol engine li is beam 
applied aie legion, and m the 1 uggiegate the' 
power developed is enoi limits Hub well 
defined bi null of industiy his its own peitilmt 



Fig 28 —George Stephenson’s Ko< hot ” 


§ (16) The Fipst Marine Engine — 
Another natural application of the steam 
engine nas to the propulsion of ships The 
first practical application was to a tug, Char- 
lotte Dundas, uluch was tried m the Foirh and 
Clyde Canal m 1802 A Watt double-actmg 
condensing engine u as installed It was placed 
horizontally, and by means of a connecting 
rod drove the crank of a shaft carrying a 
paddle -wheel placed at the stem of the vessel 
ihe trial was successful, but outside interests 

T 1 St6am towmg was abandoned 
iu ISO, an American, Robert Fulton, prepared 
a vessel on the Hudson River for engines made 
to his design by Boulton and Watt His 
venture was a bucccss, and for the first time 
steam navigation was commercially feasible 

fidhe^th? lmpr0Temailt3 have been m design 
rather than m principle The modem marine 

Se an! Steam 6nglne 13 

Snnm; « °S m P* res favourably m 

economy with the best of land engines, yet 


requirements to be satisfied, and !u net* ii is 
that there is so much vaunt ion in llm clef ml 
of land engines UnijuoHlmnu l>]y, many (t | 1 1,< 

smaller size engines are mhoiontly want c*{ uK and 

the wastage is fiequontly amplified by lm U of 
knowledge and sheet mdifioreneo on tin* nail, 
of owners and attendants, yet th<^ lelam 
then positron as prime moveus lm< ntmn ol (Inst 
freedom from break down and Hum itt*\ibihlv 
m operation 

s. r 

STEAM ENGINE, THEORY" OK 

\ (1 ) Introduction - — Thu theory of ||io 
steam engine considered as a bent ongme, 
that is to say, considered as mi npphmuo 
by wbicb work is done thlm.gU (ho agency 
i heat, is a development of “Thermo 
dynanuca” ( q „ ) Thp ellRmu may ' ()f 

is h donfdnr and n° yhllClt ' r wo»k 

Li * d rmg Che expansion of the milking 
substance and as a direct result of ffi 
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1,1 c*< >1 iMMjiiiuio of the pmisme 

(* exerts on its ( out auung 
r * < >t liu It mo vos so ,is to muoaao 
^ t Ho conUntN ()i it may bo ol 
H r po, wheie a stioam of the 
^auc(' acquires kinetic onoigy by 
i o«i,ion ot mmpaiatmly high 
ix ^ (‘^ion of huvet piessui o, and 
Ivy the impulse oi million of 
’ n mo\m g vautM In either case 
^ ( > Voiumed by tho hunt and Second 
biiodymmnH A fiaction of tho 
ls Hup plied to tho working sub 
ilH heat, by being con veiled 
bauicvtl loim ot oneigy which it 
11 of Hie engine to produce, and 
1 wHioli (leioimmo how huge that 

V «x ro titosi* bud down by Carnot 
() n ot the conditions nndoi winch 
^ niuHt ediuenilv [iciioim woik 

Y c if Ixoat In oil hoi case it has 
H eii tlia-t tho lnietion eonvoitiblo 

hixxitotl by tho tempouituio at 
aubstaiuo takes m boat 
1 eo, *i.ud the lower tompeiatuio 
Jet bw blio mu onvoitod lomamdoi, 
bho it loal limit of oihi icncy which 
durtm impose will he moto and 
Hiliroiujhwl tho moio ncaily the 
oc‘onr within tho engine aio 
all Lire heat which tho woikmg 
'« in. wore taken m at an absolute 
l\ n/iii l all the heat which it 
iec‘t/Ocl a.t an absolute tomporatiue 
nut/ of efficiency would bo 

r J\ -T, 

t: ■ 


n c< IIMionnodynamics,” § (20) 
hhii/t/ lido an imagmaiy 10 
oviurluo ih dosenbod, m which 
n tvy ovapoiatiou ot the w oik™ 
ah IV tompoialmo r L\ and ih 
oiicl< 'ii nation of the woikmg 
toinpcH.iluio T a Within that 
, nus tdune ih no immnsiblo 
Hiilmtaut o change h Uh tern- 
r \ \ t.u T> hy adiabatic ox 
uni T\ hack to 'I\ hy adiabatic 


mo a voiks m a sluttly rovei 
uici the ideal efficiency which 
iovoi Bible working is to he 
MlrtLiiritud by oompariHon with 
hitfi/l | joi foi mance should be 

nc*t/ti*x,l efficiency, namoly the 
avcii*Ic done to heat supplied, 
od l>y* observing the inchoated 
o cpia iitily of steam supplied, 
[lonB tx s to temperature and 
nuppiy The actual efficiency 
ho 1<‘HH than the ideal efficiency 
c 1h To reversible working undor 


the assigned conditions as to supply and 
it | ec turn of heat Us ratio to the ideal efficiency 
is c ailed tho “ Elbe luic y Ratio *’ The efficiency 
iatio is an nnpoitant entenon of peifoi mance, 
but it must bo borne m mind that when one 
engine is eompaied with anothoi, wo are 
concerned not only with the efficient v iatio 
of each, but also with tho ideal standards, 
winch may ddtoi widely owing to difleiencea m 
the (onditionH under winch the engines icceivo 
heat oi io]cct it 

ft (2) ClOLTu OI' 1 OeiflhATIONS (ChlTlNOT) — Jt 
the heat winch the woikmg substance ol a 
steam engine takes m woie exclusively the 
heat of ovapoiation of the steam, winch is 
loeoived at the temperature of the boiler, it 
would bo piopoi to take tho efficiency ot the 
Carnot Cycle, namely (T t - T a )/T l5 as the 
ideal standard with which the actual efficiency 
should ho compared But this would lequne 
the feed watei to he alicady at tho tempeiatme 
r I\ heloio it begins to icceivo heat, a condition 
winch loqunos all tho operations to oecm m 
a single vessel, as m the imaginary engine of 
Cal not When tho organs aie separated into 
boiler, eylmdei, eondonsei, and feed pump, 
adiabatic eompiossion born T a to r l\ becomes 
impiactieablo, and m lieu of it we have, as 
an essential pait ot tho cyclic process, tho 
healing of tho feed water horn r I\ to r I\ hy 
dneet application of heat Thus the cycle to 
he consuloied is one m which pait ot tho heat 
is ncoossaiily received at tompeiatmcH lower 
than T x , namely that pait ot tho heat which 
solves to watm the fecd-watoi up to the 
tompeiatuio ol the boiloi It is easy to nnagmo 
an ideal oyelo of operations m which tho 
woikmg substance takes m heat in this mannoi 
but m which tho internal actions aio com- 
pletely level slide 

Taking the Garnet cycle with its four opera 
turns, as doHcubcd in “ Thonnodynnmios,” 
§ (10), let it he modified as follows Let tho 
fiist and second operations occur as they do 
thoio, namely the vaporisation of the water 
at T ( , and tho expansion of tho steam from 
T t to T a j but lot the thud operation, namoly 
tho condensation at T a , ho contmuod until tho 
steam is wholly condonsod The substance 
then consists ol water at T\, and the cycle is 
completed by lieatmg it, m the condition of 
water, from T a to T t In an engine whom all 
the opoiations oacur in a single vessel this 
could ho done hy increasing tho pressure 
exerted by tho piston irom P 2 to I\ betoie 
applying the hot body, tins prevents steam 
hom forming during tho boating of tho water 

Tho indicator diagram of tho oyelo modified 
m this manner is shown m Fig X Tlioio ab 
m tho operation of forming steam, fiom water, 
at T x and T? x ; be is adiahatio expansion fxom 
Tj and P % to T fi and l)m mg tins operation 
part ot tho steam becomes condensed. Then 
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re completes the condensation at T, and P 2 
In the fouith operation the pressure of the 
condensed water is raised from P 2 to Pi and 
its tempera tine from T 2 to T 1 During that 
operation the change of volume is negligible 
m comparison with that which takes place 
m the other operations 

The entropy -temperature diagram (see 
« Thermodynamics,” 
(20)1 for this modified 
cycle is shown by abce , 
Fig 2, where the same 
letters as m Fig 1 are 
used for corresponding 



Fig 1 — Indie itor Diigram of Ideal Steam Engine 
with complete Adiabatic Expansion 

operations As m the Camot cycle, ab repre 
sents the conversion of a pound of water at 
T t into dry saturated steam at T ls and bo 
represents its adiabatic expansion to T 2 , 
resulting m a wet mixture at c, the dryness 
of which (that is to say, the fraction that 
is present as vapour) is measured by the'ratio 



ec/es Then ce represents the complete co 
densation at T 3 of the steam m this * 
and which practically comcid 
4 tlle _ boundary curve, represents the i 
sed water from T 2 to 1 
mce behaves reversih 
ations, and therefo 
le is represented 1 


the tlostd atea nine in l he ontiopvdompcialuio 
diagram ol Fig 2 The dmgiam tin t h«*t 
exhibits the boat i ikon m and the boat 
rejected The whole heat taken m im measmed 
by the aiea leabn t the base line hi born** dntwu 
at the absolute /mo of iompoiatun and of 
this the aiea learn mtusuios the heal taken 
m dunng the last opemtion, \\ 1 1 1 1 « k I he \witer 
is being icheated, and the atea mtthn men, men 
the heat taken m dunng the Inst opeintmn, 
while the watoi is turning into steam The 
area ncrl moasmos the heat iejc< ted, namely 
duimg the condensing ptooos,s tv 
j Animpoitantalgebiau.il expulsion fm the 
| woik done m the cycle is obtained bv making 
use of the “total-heat” junction I, explained m 
“ TheimodynanueH,” (61), (8H) In the mdt 
catoi diagram of Fig 1, let the Inns htt mid t? 
bepioduced to meet the line ol no \ ultimo m / 
and l Then by § (88) the aim }hd is tut 
amount of woik equivalent to the ddWeneo 
of total heats of the woikmg limit at b ami < 4 
namely the “ heat-drop ” of a pound 
of steam in expanding adiabatie.dlv bum the 
condition at b to the condition at r The 
small aiea jacl (the size ol \vlu< h in exaggoiaii tl 
m the sketch) is (Pj - P a )V N wlicic V H , is 
the volume of a pound of water at T, (We 
may take the volume of water to bo pint tiealh 
constant for the pui poses ol this c*al< ulntioii ) 
Hence the thoxmal equivalent of the wmk 
done m the cycle, per pound of steam, is 


A being the factor for non veiling horn units 
of woik to units of heat The same quantity 
of heat is represented in the entropy tem- 
perature diagram, Fig 2, by the aiea titlutt 
§ (8) Ranking Over f TIiih mudilicd 
cycle is practically important because it is 
the nearest approach to a <\unot ey< lo that 
can be aimed at when the operations ol boiling, 
expanding, and condensing aie conducted m 
separate vessels Tlio ideal engine ahemh 
considered had one organ only a e\Imdei 
which also served as boilet and as oumionnei 
We come neaior to the conditioiiB that hold 
m practice if we Hunk of an engine with 
separate organs, shown (Imgiammntieally m 
nam oly a boiler A kept at T t , a non- 
conducting cylinder and piston B, and a 
surface condensei C.kopt at T, 'Po these 
must be added a food-pump I), which returns 
the condensed water to the bodei Ihnvisicm 
is made by which tlio cylmder (‘an bo put, mb* 
connection with the boiler or condenser at, will 
With this engine the cycle of Fig 2 can he 
performed An indicator diagram for tin* 
cylinder E is sketched m Fit/ 

8 team is admitted from the bmlei , giving t in* 

the valve wlu°h admits steam from the hmUu 
to the cylinder is closed. The steam m tlu- 
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cylindci is thou expanded adiabatiealiy to 
tho piessmc of the condenser, giving the line 
b< At ( tho “ exhaust ” valve is opened 
which connects the cylmdoi with the con- 
dense! The j nstou tluni i (Turns, disehaigmg 
the steam to the tondcnHoi and giving the 
lino cl Tho aica )bd i opresents the wmk 
done pi the cylmdoi B Tho condensed water 
is then loturnod to the bmlct hy 
tho feed pump, and the indicator 
diagiam showing the tv oik ex- 
pended upon tho pump dunng 
this operation is sketched in Fig 
5 It is tho ie< tangle lcaj f whoio 
Ic icpiosonts the up atioko in 
which tho pump tills with vatei 
at the piessiue P a , and uj lopic 
sonts tho dov ri 
atioke m which 
it disehaigos 
watei to the 
boiler against 
the pi essui e P x 
If w r o supei pose 
tho chaguun of 
tho ])ump on 
that of the 
cylmdoi wo got 
then dilleionce, 

namely nine (Fvj 1), to lopiosent the not 
amount of weak done hy tho tlmd in the cycle 
It is the excess of the wmk done by the lluid 
m the cyhndci over that npout upon the lluid 
m the pump 

Tins cycle is < onunonlv called the Rankmo 
Cycle lake tho (hi not cycle it lopioHouls an 
ideal that is not piaetieally attainable, fm 
it postulates a complete absence of any loss 
tluough transfei of heat between tho steam 
and the suifacos of 
the cylmdoi and piston 
ol through mevorsi 
luhty m the motion of 
tho working fluid But 
it allot ds a voiy vain 





able criterion ol performance by furnishing a 
standard with wluoh the ofltoumey of any ical 
engine may he compared a standard winch 
is less exacting than tho cycle of Carnot, but 
fairer for eompanson, inasmuch as the fourth 
stage of the (lamot cycle is necessarily omitted 
when the steam is removed from tho cylinder 
befoio condensation A separate condenser is 
indispensable m any real engine that pretends 
to efficiency 

Tlio use of a sepaiato condenser was m 


hut one of the gieat impiovomcnts winch 
distinguished the steam engine of Watt fiom 
the oailiei ongmo of Newt omen, whoio the 
steam was condensed m the woikmg cylmdoi 
itself Tho mtioductum of a separate eon 
densoi enabled the cylmdoi to ho kept com- 
patatively hot, and thoieby lediued immensely 
the loss that had oecunod in eaihei engines 
tluough the action of dulled 
cylmdoi suil.ues upon tho ontoi- 
mg steam But a sepaiato con- 
dense!, gioatly though it adds to 
oth eienc y m piadiee, exdudes tho 
compression stage of the Carnot 
cycle, and consequently makes 
tho Rankmo cycle the propel 
theoretical ideal with which the 
performance ot 
a teal engine 
should ho com 
pared 

Thu otlicieney 
oi tho Bank mo 
eydo is loss 
than that of a 
Car noi> eydo 
with tho samo 
limits of tom- 
pet aturo This 

is because, m tho Rankmo eydo, Lho heat is 
not all taken m at tho top ol tho range In 

tho Rankmo cycle, as m Carnot's, all tho 

internal actions ol tho working suhstan cos are, 
b\ assumption, lovoisible, and consequently 
cadi element of tho whole heat supply pio 
duces the greatest possible mechanical effect 
when regard is had to the temper atui© at 
winch that element is taken m, But prut of 
the heat is taken tn at tcmipeiatmes lower 
than T 1( namely that quantity oi 
heat which is loquuod to wann tho 
watiOi up to the temperature of tho 
boiler Hence tho average onioroncy 
is lower than if all had been taken 
in at. T„ as it would bo m the eydo 
of Carnot 

Kadi pound of steam that passes 
through the engine does a larger 
amount of work m the Rankmo 
cycle than it docs m the Carnot 
eydo This will he apparent when 
tho areas ate compared winch represent lho 
work m the corresponding entropy diagrams— 
tho area nine with tho area abed m Fig 2 
But the quantity oJ heat that has to he supplied 
for each pound in the Rankmo eydo is also 
gi eater, and m a gi eater ratio it is measured 
hy tho area habn m Fig 2, as against mabiu 
Hence the efficiency is Jess tn tho Rankmo 
cycle, Ln the Rankmo cycle, of tho whole 
heat supply the part ham does only tho com- 
paratively small amount of work cad , and the 
remainder erf tho heat-supply, namely vurfm, 


j, 


vm 5 . 
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doe^ the same amount of work as it would do 
m a Carnot cycle 

To express the efficiency of a Rankme cycio 
may take m the first instance one m which 
the steam supphed to the cyhndei is dry and 
saturated The whole amount of heat taken 
in is the quantity required to convert watei 
at P, and T 2 into saturated steam at P t This 
quantity is I s3 - [I , ( 2 + -^(Pj - P 2 )V,y 2 ]> I° r ^ ie 
total heat of the water at P 3 and T a is gi eater 
than I lt , 2 by the quantity A(P X - P 2 )V U , 2 I 9 i 
is the total heat of the steam as supphed 
from the boiler 

The work done is, as we have seen, equal to 
the heat drop minus the work spent m the 
feed-pump, or I 81 -I t - A(P X -P 2 )V,,, 2 , where 
I L is the total heat of the vet mixture after 
adiabatic expansion 

The efficiency m the cycle as a whole is 
therefore 

I s i — Ii " A (Pi — p2)V^2 
I S1 - Ir 2 — A(Pj — P 2 )V W2 

v hich is approximately equal to 

In " Ic 
Isl — 1^2 

The feed-pump term A(P X - P 2 )V w2 ? which 
oecuis m both the numerator and the de- 
nominator of this expression, is relatively so 
small that it is often omitted m calculations 
relating to ideal efficiency, just as it is omitted 
m stating the results of tests of the performance 
of real engines In such tests it is customary 
to speak of the work done per pound of steam, 
without making any deduction for the work 
that has to be spent per pound m returning the 
feed-water to the boiler But to make the 
analysis of a Rankme cycle complete, the 
feed-pump term has to be taken into account, 
and it is only then that the area of the entropy- 
temperature diagram gives a true measure of 
the work done The heat-drop, by itself, is 
not an accurate measure of the work done in 
the Rankme cycle as a whole, nor is the 
heat-drop equal to the enclosed area of the 
entropy-temperature diagram, but to that 
area mmus the thermal equivalent of the work 
spent m the feed-pump 

If, however, we are concerned only wuth the 
work done m the cylinder of the ideal engine, 
then the heat-drop alone has to be reckoned 
It is the exact measure of that work The 
ratio of the heat-drop to the heat supplied 
shows what proportion of the supply is con- 
verted into work m the cylinder, under the 
ideal conditions of adiabatic action it is a 
ratio nearly identical with the efficiency of 
the Rankme cycle, and even more useful as 
a standard with which to compare the per- 
formance of a real engine In the actual 
performance of any real engine the amount 
of work done m the cylinder necessarily falls 


shoit of the adiabatic heat (Imp, because l ho 
w oi king substance loses sonic heat to the 
cyhndei walls The extent to whuh it lulls 
shoit is a mattei fm Inal, and once that bus 
been ascertained by trials of engines <>i given 
types, estimates may be made ol the pm 
formanco of an engine undci design, using 
the adiabatic heat diop as the basis oi the 
calculation, with a suitable allowance fot 
piobablo waste 

§ (4) Total FI mat Wi-t Htham. To dot er- 
mine the ideal poiloinnnec it is essential 
to calculate the adiabatic boat diop under 
any assigned initial and fund conditions Km 
this purpose wo have to Imd 1,, the total 
heat of wet steam aftoi adiabatn expanumi 
To hung tho imxtuio at ( (Fuj 2) into the 
condition of watei at e would icquiie l ho 
removal of a quantity ol heat equal to the 
aioa undoi C( t namely T (0 </>„), whom */> is 

the entropy at and </>,„ is the ontiopy <d 
water (at e) On tho ot hen hand, to hung 
it to tho condition of sat waled steam would 
require tho addition o( a quantity of heat 
equal to tho aioa undoi < v, namely T(<p, <p) 

Hence the total heat of the mixtuie at < is 

I< If I' H 1 (0 " 0«) 

01 I f --I,, ~-T(0, 0), 

Of these two expulsions the seumd is the 
moie convenient, hot ause sitsimtahtiM gem inlh 
give more complete sets of values of <(>„ th vn 
of 

Tho ontiopy 0 of tho wet. mix (me is the 
constant ontiopy undoi which adiabatic e\« 
pansion has taken plat o it is to he c ah ulati tt 
fiom the initial conditions This method of 
finding the total heat, at lei adiabatic e\ 
pansion, makes no assumption as to what 
the state of tho steam was hofojo expansion , 
it is equally valid whether tho steam vuim 
dry, w r et, or supculieahsl to begin with 
What is assumed is that uftei expansion the 
steam is wot, and that will m genet at he 
truo oven if theio ho a huge amount ol mill d 
superheat It is also assumed that the \ up<uu 
and liquid m the wet mixfuio ato m thmiml 
equilibrium 

If the steam is diy and salinated at the 
beginning of tho adiabatic expansion, its 
initial total heat is I w and tho ontiopy tin ough- 
out expansion is equal to 0 n , Under these 
conditions tho total boat after adiabatic ex 
pansion is 

I<i ^loa “ r l a(0«a ~ 
and the heat-di op is 

J $1 - 1 ( ~I n - I ? 2 h r r u (0, a - 0fjj) 

To take a numerical example, lot the* sl< am 
supplied m a dry-saturated state nt a 
pressure P x of 180 pounds per square mrh 
(absolute), and let it expand adiabatieally tu 
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a pleasure Pi of 1 pound pot squire inch, 
at which it is condensed With those data 
we find fiom Ckillondar’s Steam Tables 
that T x = 462° 58, Tj=311°8i, </>„ = 1 5b20, 
£ ia = l 9724, 1^ = 668 53, I, > = 612 4b 
Hence the total boat after adiabatic o\ 
pansion to the assumed pleasure of condcnsa 
tion la 


I, =612 5 - 311 8(1 9724 - l 5020) =484 5, 
and the heat drop 

I, !-!, =6685-4815 = 1840 


If we considei the Rankme cycle as a whole 
the feed-pump teim A(P X - P>)V, t! is 

(180 - 1)144 x 0 0101 AOA 

1400 " 03 ° 

Deducting this fioin the heat-chop wo have 
183 7 pound calcines as the thermal equivalent 
of the net amount oi woik done m the Rankme 
cycle 

The heat supplied is 


lyt — Iw2 ~ A (Pj — P^ ) Y /t> 2 

= 008 5- 38 6-0 30=629 6, 

and therefoie the efficiency of the Rankme 
cycle is 

183 7 

620 6 U " 


This liguio would be scarcely altcied if the 
feed pump term weic left out of account A 
Carnot cycle with the same limits of tempeia 
turo would have the efficiency 0 32b The 
ddlcience between this and 0 292 allows the 
loss which results m the Rankme oycle flora 
not supplying all the heat to the best possible 
thermodynamic advantage, namely at the 
top of the tompeiatiue range 

*5 (5) Ranking Cycle with Wet Steam 
—In the Rankme cycle deaenbed above tho 
steam was sujiplicd to tho cylinder m the 
di y- satin at ed state But tho teim “ Rankme 
cycle ” is equally applicable whatever he the 
condition of the working substance on ad- 
mission, whether wet, diy saturated, or supei 
heated As legaids the action m the cylinder, 
all that is assumed is that the substance is 
admitted at a constant prossme P x , is expanded 
adiabatically to a prossme P a and is dioehatged 
at that pressure, and that m tho process Lhcio 
is no transfer of heat to or from tho metal, 
noi any other irreversible action In these 
conditions the heat drop in adiabatic expansion 
from P x to P, is tho thermal equivalent of tho 
area jbcL in Ftg 1, and thcioforo measuios the 
work done m tho cylinder, no matter what 
tho condition of the substance on admission 
may be 

A Rankme cycle for steam that is wet on 
admission to the cylinder is shown on the 
entropy temperature diagram by the figure 
ab'ce in Fig 6 The point b' is placed so 


that the iatio of the length ah' to ah is equal 
to q lt tho assumed dtyness on admission The 
hue b\ repiescnts adiabatic expansion from 
Pi to Pj, co represents condensation at P 0 , 
and ea represents, as before, the heating of the 
condensed water The aiea with the shaded 
boundary is the thermal equivalent of tho woik 
done m tho cycle 

The total beat beforo adiabatic expansion 
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1S Iifti+frDi oi I n -(1 — and tho heat 

supplied is the excess of this quantity above 

l«*+A(P 1 -P a )V W | 

f rhe ontiopy <•/> duung adiabatic expansion 
is 

( iho% I (fi f J l/ I X 01 — (I “S’lJI'i/Tj, 

and the total heat after adiabatic expansion is 
— -^a(0«2 "** 0) 

Tho heat drop is got by subtracting this from 
tho total heat beforo adiabatic expansion 

Tho efficiency (which, as before, is practically 
equal to tho heat drop divided by tho hoot 
supplied) is slightly less than when tho steam 
is saturated before expansion , tho res yon 
being thSSb vv uho proportion of heat supplied at 
tho uppot limit of tomperatuio is now rathei 
loss, because part of tho water lomarns uncon- 
verted into steam 

As a uumoueal example lot tho stoam have 
tho samo limits of pressure ap bofore, but 
contain 10 por cent of watoi on admission 
Then q x is 0 9 and tho total neat per pound 
of tho mixture bofore expansion, which is 
I flt - 0 1L 1? is 020 9 Tho heat supplied is 
020 9 - 38 9 = 582 0 The entropy is 

W4591 


